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Abstract  

Tetragonal zirconia (t-ZrO2) with exceptional properties is crucial in catalytic applications. Defects 

effectively enhance its electronic properties and plasticity, making t-ZrO2 a valuable material for 

high-efficiency industrial catalysts, and flexible electronic devices. In this study, we utilize first-

principles calculations to compare the impact of vacancy defects and nitrogen doping on the 

structural and electronic properties of wide bandgap semiconductor t-ZrO2. Additionally, we 

analyze the tuned plasticity of t-ZrO2 by varying N-dopant and vacancy concentrations using 

molecular dynamics simulations and cyclic-nanoindentation tests. The estimation of energy 

release associated with plastic deformation is conducted using the Griffith energy balance model. 

Our study reveals significantly distinct electronic properties and plastic deformation maps in 

oxygen-deficient and N-doped t-ZrO2 compared to the perfect counterpart, where the defect nature 

dictates the band gap energy and plastic zone size. t-ZrO2-x exhibits a greater bandgap narrowing 

than t-ZrO2-xNx, resulting from increased atomic displacement, decreased free energy for plastic 

deformation, and enhanced plastic dissipated energy. Furthermore, we demonstrate that electronic 
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properties and the plasticity of t-ZrO2-xNx, including bandgap energy and energy release rate 

during cyclic-nanoindentation, are unable to compete with those of the small-bandgap counterpart 

t-ZrO2-x. Herein, t-ZrO2-x, x=0.2 exhibits the highest plasticity and the smallest bandgap of 1.28 

eV, contrasting with the 5.6 eV bandgap of perfect t-ZrO2. Thereby, t-ZrO2-x displays pronounced 

band gap tightening and enriched flexibility, providing it a favorable semiconductor for 

photoelectrochemical energy conversion (PEC) applications. 

Keywords: tetragonal ZrO2, defect, nanoindentation, bandgap, density functional theory, 

molecular dynamics simulation 

 

1. Introduction  

Providing clean, plentiful, and affordable energy is a vital policy and technical challenge for the 

21st century[1-3]. As well as it is not possible to meet the universal energy requirements at the 

expense of climate and environmental deterioration. In this regard, scientists believe that finding 

novel energy resources to reduce dependence on fossil fuels must drive energy policy [4-6]. One 

of the promising strategies to overcome the lack of nonrenewable energy is to capture solar energy. 

This can be achieved by converting it to clean chemical energy through photo-electro-chemical 

energy conversion (PEC) systems [7-9]. Therefore, the development of a substitute and 

economically competitive approach to generate solar fuels is of strong interest. Furthermore, the 

development of novel materials and a thoughtful of defect processes in existing materials are 

required. Transition metal oxides [10-14] (TMOs) have been known as attractive candidates to 

provide high-performance[15], and low-cost [16] semiconductor materials for practical PEC solar 

fuel construction, owing to their outstanding mechanical [17] and electrical [18] properties. 

Among these promising TMOs, zirconia[19-20] (ZrO2), one of the most important wide band-gap 
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transition metal oxides [21], has attracted much attention owing to its exceptional properties such 

as high chemical durability[22], thermal stability[23], and high dielectric constant[24-25]. On the 

other hand, zirconia and zirconium oxynitride were considered as possible candidates for replacing 

platinum and more generally platinum group metal catalysts of proton exchange membrane fuel 

cells [26-27].  

It has been known that the perfect t-ZrO2 at atmospheric pressure shows three polymorphs: 

monoclinic phase (P21/c space-group) below 1173°C, tetragonal phase (P42/nmc space-group) 

from 1173 to 2370°C, and cubic phase (cubic fluorite, Fm3m space group) from 2370°C to the 

melting point (2680°C) [28-30]. However, the room-temperature phase of zirconia displays few 

applications. Instead, the tetragonal (t-ZrO2) phase is recognized to possess interesting mechanical 

and reasonably catalytic properties. Nevertheless, a quite wide bandgap of ca. 5 eV [31] limits the 

t-ZrO2 to be applied in high-efficiency catalytic applications [32]. Therefore, narrowing t-ZrO2 

bandgap is an interesting challenge. It has been demonstrated that defect engineering is an effective 

and facile strategy to achieve novel and particularly tunable band gaps [33]. In this regard, many 

efforts have been devoted to the study of crystalline materials based on perfect and defective 

zirconia both theoretically[34-36] and experimentally[21,37,38]. For instance, Khattab et al. [39], 

studied the effects of Nb and W dopants on the electronic and structural properties of monoclinic 

zirconia (m-ZrO2), and they reported the band gap energy tightening from 5.79 eV to 0.89 eV and 

to 1.33 eV for m-ZrO2:Nb and m-ZrO2:W, respectively. Furthermore, it has been reported that the 

incorporation of defects, including oxygen vacancy [19,40], or the insertion of 2p light elements 

such as nitrogen[41-42] into the zirconia network opens up great opportunities for using stabilized 

zirconia in high-efficient electromechanical and catalytic systems.  
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Density functional theory (DFT) is a powerful technique to estimate the electronic density of states 

(DOS) and band structures of materials[43]. Tolba et al. [44]. studied the hydrogen dopant effect 

and oxygen shortage on the electronic properties of m-ZrO2 by the  DFT approach. They concluded 

that the size and concentration of defects directly affect the electronic properties of m-ZrO2. Kiaser 

at al. [45] studied the band structure modifications of rhombohedral hafnium oxide in the presence 

of oxygen vacancies. Their DFT-based results showed that the oxygen vacancy induces midgap 

states in the rhombohedral phase and predicted a conducting defect band. Albanese et al. [42] 

employed DFT calculations based on B3LYP hybrid functional to examine the structural 

properties of N-dopants in m-ZrO2 Bulk. They reported that the substitution of an O atom with N 

does not considerably influence the geometry, presenting insignificant changes in the local 

structure and the cell parameters. Nevertheless, most of the conducted research has focused on 

stabilizing [46] and controlling the size and shape [47] of defective zirconia. However, there has 

been little attention paid to the effect of oxygen vacancies and nitrogen dopants on atomic 

displacement [48] and deformation behavior [49]. The depth-sensing nanoindentation test is a 

popular way to probe the deformation behavior of a broad range of materials on an adequately 

small scale [50-53]. The nanoindentation load-depth (P–h) curve displays a series of yielding 

events, which are attributed to the movement of dislocations that can be connected to the 

mechanical and electronic properties[54-55]. It should be noted that the total energy consumed by 

plastic deformation and the stored elastic energy in materials is determined by calculating the area 

beneath a (P–h) curve[56]. A number of models can be implemented to quantitatively measure the 

energies during plastic deformation. Among them, the Griffith energy balance as a straightforward 

approach is presented to calculate the energy release rate (Gin)[57]. Molecular dynamics (MD) 

simulations[58-60] have proven to be a prevailing tool for estimating the amount of Gin per unit of 
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the deformed surface area during nanoindentation at the nanoscale. Zhong et al.[61] investigated 

the deformation behavior of single and polycrystalline crystals of yttria-stabilized zirconia by the 

MD-based nanoindentation simulations. Furthermore, Wang et al.[59] studied the deformation 

behavior of tetragonal zirconia under uniaxial tension by MD simulations. Their simulation results 

showed that the deformation mechanism of t-ZrO2 is governed by phase transformation and intense 

dislocation activity, which directly influence electronic properties, as well as optical, mechanical, 

and catalytic behaviors.  

In the present work, our main goals are: (i) Investigating the plastic deformation behavior and 

atomic displacement patterns of perfect t-ZrO2, oxygen-deficient t-ZrO2-x, and N-doped t-ZrO2-

xNx during cyclic-nanoindentation via MD simulations for varying defect concentrations. (ii) to 

provide fundamental insights on the differences in electronic properties of perfect t-ZrO2 and 

defective t-ZrO2-x and t-ZrO2-xNx by DFT calculations, and (iii) to make a connection between the 

atomic displacement, plastic deformation, and electronic properties. This paper is organized as 

follows: We evaluate the electronic properties through DFT calculations in Section 2.1 and then 

describe the details of the MD simulation approach for modeling the cyclic nanoindentation in 

Section 2.2. Afterward, we provide a description of the structural and electronic properties of 

perfect and defective t-ZrO2-x, and t-ZrO2-xNx as a function of nature and concentration of defects 

by DFT study in Section 3.1. Then, we explain how the defect nature and concentration govern 

the load-depth curve, atomic displacements magnitude, plastic deformation maps, and the average 

plastic dissipation values during cyclic nanoindentation in Section 3.2. In addition, to obtain a full 

understanding of tuned plasticity in t-ZrO2 subjected to cyclic nanoindentation, we quantitatively 

compare the energy release rate (Gin) and the free energy required for plastic deformation of t-

ZrO2, t-ZrO2-x, and t-ZrO2-xNx using the Griffith energy balance in Section 3.3. Finally, the main 
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overall conclusions are summarized in Section 4. Therefore, our results provide guidance for the 

development of promising materials for industrial free-Pt catalysts, and photoelectrochemical 

energy conversion (PEC) applications.  

2. Methodology 

2.1. DFT Calculations 

 

Density functional theory (DFT)[62] calculations are implemented using Quantum Espresso [63] 

with projected augmented wave (PAW)[64] potential to describe electronic band structures and 

the density of states (DOS). Amsterdam Modeling Suite (AMS) is used for running the simulations 

[65]. We modeled a 3×3×3 supercell of perfect t-ZrO2 with dimensions X = 10.8Å, Y= 10.8Å, and 

Z = 15.51Å, as shown in the blue circle in Fig. 1. The 3×3×3 supercell of perfect t-ZrO2 contains 

a total of 162 atoms comprising 54 Zr atoms and 108 O atoms. In addition, the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional within generalized gradient approximation 

(GGA)[66] is performed in all cases of the calculations. The kinetic energy cut-off is set to 816.33 

eV for the plane wave basis set. Furthermore, the tolerance energy for the convergence is chosen 

as 0.01 meV to attain the self-consistency in the total energy. Optimizing all structures and 

calculating the electronic properties are performed using a Monhkorst-Pack grid of (4×4×4) k-

points. The Hubbard approach was applied to avoid the underestimation error of DFT and precisely 

characterize the band gap energy.  We set the Hubbard U parameters to 4.35 eV for 2p states of 

oxygen and nitrogen, and 8 eV for Zr 4d states, which are consistent with the Hubbard U 

parameters in ref. [39] 

2.2. MD Simulations 
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All MD simulations are performed using an open-source Large – scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS)[67]. The third-generation charge-optimized many-body 

(COMB3)[68-69] potential was chosen to describe the forces among the atoms in the perfect and 

defective t-ZrO2 structures, involving Zr-Zr, Zr-O, Zr-N, O-O, O-N, and N-N interatomic 

potentials. Before the nanoindentation test, the perfect t-ZrO2 is first stabilized by performing 

constant number (N), volume (V), and temperature (T) (NVT) simulations on 14×14×9 unit cells 

at 300 K for 0.6 ns. Then we achieved oxygen-deficient ZrO2-x, with x=0.1, x=0.14, and x=0.2 by 

introducing 6, 8, and 11 oxygen vacancies into the perfect t-ZrO2 crystal, respectively. 

Additionally, introducing 6, 8, and 11 nitrogen dopants resulted in ZrO2-xNx with x=0.1, x=0.14, 

and x=0.2, respectively. The defective structures were optimized at temperature for 600 ps. Free 

boundary condition (FBC) is employed in the Z direction, and periodic boundary conditions (PBC) 

are imposed in X and Y directions. Fig. 1 presents a three-dimensional model of the perfect t-ZrO2 

for the nanoindentation, which contains a diamond sphere indenter with a radius of 30 Å. The 

indenter was kept at a distance of about 5 Å over the surface. The substrate contains 24,000 atoms 

for the cases of perfect and t-ZrO2-xNx samples, while the numbers of atoms in the cases of x= 0.1, 

0.14, and 0.2 of OV-t-ZrO2 are 23370, 23118 and 22740, respectively. The nanoindentation model 

is divided into the rigid layer, thermostat layer, and Newtonian layer as displayed in Fig. 1. The 

atoms in rigid layers were fixed for avoiding the substrate moving. The thermostat layers were 

maintained at a constant temperature of 300 K to restrict heat dissipation, using a Nosé-Hoover 

scheme. The motion of the Newtonian atoms is free and followed classical Newton’s second law. 

The equations of motion were integrated with the velocity-Verlet algorithm with a time step of 0.1 

fs. A constant loading and unloading rate of 5.0 ms−1 was employed during the whole cyclic 

nanoindentation test. The maximum penetration depth in all simulation samples was set at 30 Å 
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for each cycle. Each cycle was completed for 800 ps, corresponding to a total simulation time of 

2400 ps. The applied force during nanoindentation on atoms can be described by the F(r) = −K(r-

R) 2 equation, where K denotes the force constant and is set to 10 eV Å-3. Also, r and R are the 

distance from the atom to the axis of the indenter, and the radius of the indenter, respectively. The 

force is considered repulsive and can be set as zero for r > R. 

𝐹𝐹 =  �
−𝐾𝐾 (𝑟𝑟 − 𝑅𝑅)2 , 𝑟𝑟 < 𝑅𝑅

0  ,                             𝑟𝑟 ≥ 𝑅𝑅     

                                                                                                                                                   (1)
                                                 

Free software OVITO[70] was used to visualize the MD results. 
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Fig. 1 Three-dimensional MD simulation model of the perfect t-ZrO2 for cyclic-nanoindentation 

test. Green and red represents Zr and O atoms of t-ZrO2, respectively. 

 

3. Results and discussions  

 

3.1. DFT Calculations 
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3.1.1. Structure   

Defect incorporation in t-ZrO2 is expected to influence the electronic structures of the solid. For 

instance, oxygen vacancies can be considered as intrinsic defects of metal oxides with paramount 

importance in various applications such as photoelectrocatalysis. Moreover, the substitution of 

oxygen atoms in t-ZrO2 phase by dopants, such as nitrogen atoms probably plays an essential role 

in its characteristic redox properties[71]. In this section, the change in the electronic properties of 

t-ZrO2 caused by different concentrations of oxygen vacancy and nitrogen dopant at random 

positions is investigated by DFT calculations. Before starting to discuss the electronic modification 

due to the punctual defects, we briefly describe the crystal structure of the perfect and defective t-

ZrO2. The structure of the perfect t-ZrO2 crystal has a P42/nmc space group with unit cell 

parameters of a= b=3.6055 Å and c=5.1797Å [72]. In this structure, assuming an ionic bond 

between Zr and O species, and each Zr⁴⁺ ions is bonded to eight equivalent O²⁻ ions in a distorted 

body-centered cubic geometry. According to Fig. 2, eight Zr-O bonds are observed, with four of 

them (Zr-O2, Zr-O3, Zr-O6, and Zr-O7) measuring 2.39 Å in length and the other four (Zr-O1, Zr-

O4, Zr-O5, and Zr-O8) measuring 2.08 Å. 
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Fig. 2. structural details of a unit cell of perfect-t-ZrO2. 

 

To assess the influence of oxygen vacancies or nitrogen dopant, we modeled a 3×3×3 supercell of 

t-ZrO2, selected 6, 8, and 11 oxygen ions, and then randomly removed them to build defective t-

ZrO2-x. Once again, we replaced 6, 8, and 11 of oxygen ions with nitrogen ions to create t-ZrO2-

xNx. Mulliken population analysis is widely used to examine the charges of atomic systems and 

electronic populations. The average Mulliken charges on O and Zr ions of the optimized structures 

of perfect t-ZrO2, t-ZrO2-x, and t-ZrO2-xNx are tabulated in Table 1. For perfect t-ZrO2, the average 

Mulliken charges on Zr and O ions are +3.39 and -1.69, respectively. For t-ZrO2-x, x=0.1, the 

average charge values on Zr and O ions are +3.18 and -1.68, respectively, while for the t-ZrO2-

xNx, x=0.1, the average Mulliken charges are 3.35, -1.67, and -1.71 for Zr, O, and N ions, 

respectively. These results demonstrate that the distribution of positive charges on Zr ions and 

negative charges on O ions varies in response to the type and concentration of defects. The 

Mulliken charges decrease and increase on Zr and O ions nearby the vacancies of t-ZrO2-x, 

respectively. Nevertheless, there is a little difference in the magnitude of charges on both Zr and 

O1 
O2 

O3 
O4 

O5 
O6 

O7 
O8 

Zr 
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O ions throughout the entire structure. Furthermore, the introduction of N dopants considerably 

changes the Mulliken charges on both Zr and O ions adjacent the defect. However, the Mulliken 

charges on ions located far from the N-dopant exhibit only mirror modifications. 

Table 1. Average Mulliken charges of perfect t-ZrO2, t-ZrO2-x, and t-ZrO2-xNx. 

 

 

 

 

 

 

 

 

We analyze the rearrangement and the magnitude of atomic displacement due to the insertion of 

O-vacancy or N-dopants into the crystal. The schematics of the magnitude of atom displacements 

and corresponding optimized structures of t-ZrO2-x, x=0.1, and t-ZrO2-xNx, x=0.1 are illustrated in 

Figs. 3a-3d. The oxygen vacancy sites are presented as the dashed purple circle. In addition, N-

dopant is indicated by the blue color (Fig. 3d). The changes in the coordination of atoms are shown 

by arrows. Interestingly, the creation of O-vacancies induces long-range rearrangement that leads 

to relatively uniform Mulliken charge distribution throughout the defective structure, thereby 

compensating for the charge. While all oxygen atoms cause disruption in the crystalline structure, 

those located adjacent to the initial O-vacancy site exhibit greater displacement towards the 

  Average Mulliken Charge 
Perfect-t-ZrO2 O -1.69 

 Zr +3.39 
t-ZrO2-x, x= 0.1 O -1.68 

 Zr +3.18 
t-ZrO2-x, x= 0.14 O -1.68 

 Zr +3.11 
t-ZrO2-x, x= 0.2 O -1.67 

 Zr +3.10 
t-ZrO2-xNx, x= 0.1 O -1.67 

 Zr +3.35 
 N -1.71 

t-ZrO2-xNx, x= 0.14 O -1.66 
 Zr +3.34 
 N -1.71 

t-ZrO2-xNx, x= 0.2 O -1.66 
 Zr +3.33 
 N -1.70 
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vacancy (Fig. 3a). This is reflected in a slightly larger decrease and increase of Mulliken charges 

on Zr and O ions around the vacancy. Fig. S1 in the supplementary information shows the 

magnitude of atom displacements in the other structures, which contain x=0.14 and x=0.2 defects. 

At different defect concentrations, t-ZrO2-x and t-ZrO2-xNx exhibit distinct rearrangements and 

magnitudes of atomic displacement, as depicted in Fig. 3 and Fig. S1. 

 Fig. S1a indicates that for x=0.14, t-ZrO2-x exhibits greater rearrangement of O atoms near the 

vacancy site than for x=0.1. Subsequently, the greatest rearrangement of O atoms near the defect 

site is observed in t-ZrO2-x for x=0.2 (Fig. S1b). Importantly, these results are consistent with the 

magnitude of atomic displacements obtained by MD simulations (See section 3.2.2.). On the 

contrary, the substitution of O ions with N ions at different concentrations would not alter 

considerably the geometry and will display insignificant disarrangement in the local structure. On 

one hand, it can be seen in Fig. 3c that the substitution of O ions by N ions leads to a short-range 

rearrangement around the defect with the spontaneous creation of N—O bonds with three electrons 

localized in the π antibonding orbitals, as reported in ref [42]. On the other hand, as nitrogen is 

introduced into the crystal, the bond N-Zr length nearby the N-doped site shortens, and 

simultaneously a new O-N bond can be created (Fig. 3d). The Mulliken charge values in defect 

region of t-ZrO2-xNx, x=0.1 contains N6, O92 and Zr12 ions are -1.32, -1.24 and 3.19, respectively. 

Additionally, O and Zr ions located far from the N-doped region have Mulliken charge values of 

-1.69 and 3.36, respectively. This suggests that the Mulliken charges of a small defect region are 

affected by N-dopant. Zr atoms nearby the N-dopant possess the minimum displacement 

magnitude owing to the formation of the new N—O bond (Fig. 3c). 
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(a) (b) 

(c) (d) 
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Fig. 3. (a) Magnitude of atom displacement of t-ZrO2-x, x=0.1, (b) atomic structure of optimized 

t-ZrO2-x, x=0.1, (c) magnitude of atom displacement of t-ZrO2-xNx, x=0.1, (d) atomic structural 

of optimized t-ZrO2-xNx, x=0.1. The sites of the oxygen vacancy are presented as the dashed 

purple circle (a,b). N-dopant is indicated by the blue color (c,d). Arrows indicate the changes in 

the coordination of atoms. 

 

3.1.2 Effect of oxygen vacancy and N-dopant on the electronic properties of t-ZrO2 

Investigating the local structure of t-ZrO2 at varying defect concentrations offers crucial theoretical 

insights into how the electronic properties depend on the nature and concentration of defects. 

Detailed analysis of band structures and density of states (DOS) throws light on the electronic 

properties of defects. Fig. 4 displays the electronic band structures and DOS plot of the perfect t-

ZrO2. The perfect t-ZrO2 shows a bandgap of 5.6 eV, in excellent agreement with the experimental 

ones (5-6 eV)[31]. As can be seen from the DOS plot, the O (2p) and Zr (4d) electronic states 

prevail in the valence band maximum (VBM) and the conduction band minimum (CBM), 

respectively. 
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Fig. 4. Band structure and DOS of perfect t-ZrO2 

 

In addition, the band structures and DOS of t-ZrO2-x, x=0.1, and t-ZrO2-xNx, x=0.1 are illustrated 

in Fig. 5a and Fig. 5b, respectively. Details of electronic structures at the defect concentrations of 

x=0.14 and x=0.2 are drawn in Fig. S2. Table 2 provides the deduced band gap values of the perfect 

t-ZrO2, t-ZrO2-x, and t-ZrO2-xNx. The results of Table 2 reveal that in the case of oxygen-deficient 

t-ZrO2, the introduction of OV decreases the bandgap value of perfect t-ZrO2 from 5.6 eV at x = 0 

to 2.5 eV at x = 0.1. In addition, as OV concentration increases from x=0.1 to x=0.14, and x=0.2, 

the bandgap energy of t-ZrO2-x decreases from 2.5 eV to 1.32 eV and 1.28 eV, respectively.  This 

is in line with what can be detected in the literature[73] for other defective metal oxides. Also, a 

similar trend is observed for band gap energy in t-ZrO2-xNx with different concentrations of N-

dopant. Band gap energy values of 3.74 eV, 3.63 eV, and 3.49 eV were obtained for x= 0.1, x = 

0.14, and x = 0.2 of N-dopants, respectively. These values correspond to a reduction of 33.68%, 

34.62%, and 35.37% compared to the bandgap energy of perfect t-ZrO2.   
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Fig. 5. Band structure and DOS of defective (a) t- ZrO2-x, x=0.1, (b) t- ZrO2-xNx, x=0.1 
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Table 2. The calculated bandgap energy of perfect t-ZrO2 and t-ZrO2-x, and t-ZrO2-xNx, x=0.1, 

0.14, and 0.2. 

 

 

 

 

 

 

 

 

As shown in DOS plots of defective t-ZrO2 (Fig. 5, and Fig. S2), the nature and concentration of 

defects influence clearly the hybridization of oxygen (2p) and zirconium (4d) orbitals. The valence 

band in all cases mainly comprises O (2p) bonding states, with a minor contribution from Zr (4d) 

states. Moreover, the conduction band minimum (CBM) is mostly comprised of the (4d) states of 

Zr. Consequently, the reduction of the band gap value for t-ZrO2-x and t-ZrO2-xNx crystals (Table 

2) is explained by the incorporation of 4d orbitals of Zr and 2p orbitals of N atoms (in the cases of 

t-ZrO2-xNx) or by the remaining of two electrons in the vacancy (in the case of t-ZrO2-x). Fig. 5a 

demonstrates significant edge position modifications in t-ZrO2-x, x=0.1 compared to perfect t-

ZrO2, indicating alterations in the local environment and the density of unoccupied electronic 

states near vacancies. In addition, The edge positions (CBM or VBM) move to lower energies with 

the increase of the OV concentration (Fig. 2Sb, and Fig. 2Sc). It means that for t-ZrO2-x with x=0.1, 

 Bandgap Energy (eV) 

Perfect t-ZrO2 5.6 (5-6 eV of exp[31]) 

ZrO2-x,x = 0.1 2.50 

ZrO2-x,x = 0.14 1.32 

ZrO2-x,x = 0.2 1.28 

ZrO2-xNx, x = 0.1 3.74 

ZrO2-xNx, x = 0.14 3.53 

ZrO2-xNx, x = 0.2 3.49 ( 3.43 eV of exp [71]) 
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0.14, and 0.2, the CMB position decreases, representing 82.5%, 83.5%, and 85.2% of the CBM 

value of perfect t-ZrO2, respectively. Reduction of the CBM level allows electrons to reach quickly 

the conduction band and subsequently decreases the band gap. Increasing the OV concentration, 

results in a narrowing of the bandgap and the emergence of more prominent peaks, attributed to 

the hybridized contribution of oxygen (2p) and zirconium (4d) orbitals, and emergence of energy 

levels in the middle of the band gap. These levels are occupied by localized electrons situated at 

the oxygen vacancy sites [74].Indeed, oxygen vacancy defects leave two electrons in the system. 

So, the additional defect electrons are captured through the vacancy-induced states, which lie 

within the t-ZrO2 bandgap. According to Fig. 5a, six occupied levels above the top of the valence 

band at -2.6 eV have been identified in the case of t-ZrO2-x, x=0.1. The additional elimination of 

oxygen ions from the perfect structure (introducing x=0.14, and x=0.2 of OV) leads to more 

occupied levels in the bandgap (Fig. S2a- Fig. S2b). The removal of oxygen ions creates dangling 

bonds on the adjacent Zr ions. Therefore, the defect orbital can be highly localized at the two Zr 

neighbors. 

Fig. 5b and Figs. 2Sc-2Sd indicate a minor difference in the height and edge position of the midgap 

band related to the t- ZrO2-xNx phases at different N-dopant concentrations. It is shown that the top 

of the valence bands (VBM) of t-ZrO2-xNx with x=0.1 and 0.14, and 0.2 are shifted to values of ca. 

-2eV lower than that of the perfect t-ZrO2. Narrowing the band-gap by increasing the N-dopant 

contents is related to introduce additional deep-acceptor energy levels in the band-gap, near the 

conduction and valence bands, as depicted in Fig. 5b and Figs. 2Sc-2Sd. Furthermore, the energy 

ranges from ca. -3 eV to ca. 1.8 eV involve hybridized-deeper valence states for t-ZrO2-xNx with 

different N-dopant concentrations. Multiple occupied states are formed by nitrogen (2p) orbitals, 

which appear ca. 0.5 eV below the conduction band of t- ZrO2-xNx. This demonstrates that the 



20 
 

density of states (DOS) of t-ZrO2-xNx narrows as the N-dopant concentration increases, albeit not 

at a significant rate. On the other hand, the DOS of t- ZrO2-xNx is influenced by the short-range 

displacement of atoms, which is consistent in the discussion of section 3.1.1.  On the other hand, 

this modification in the band gap energy can be connected to the covalent bond character between 

oxygen and nitrogen ions, reducing the strong electronegativity of oxygen ions in O–Zr ionic bonds 

(See Fig. 3d).  

Table 2 provides evidence that t-ZrO2-x exhibits a significantly lower band gap value compared to 

t-ZrO2-xNx, regardless of the concentration of defects. The spectra of t-ZrO2-x (Fig. 5a, Figs. 2Sa-

2Sb) show major changes with increasing oxygen vacancy (OV) content, while the spectra of t-

ZrO2-xNx display only minor changes (Fig. 5b, Figs. 2Sc-2Sd). Specifically, the differences in band 

gap energies among different concentrations of t-ZrO2-xNx are smaller than 0.5 eV. The underlying 

reason for these observations can be explained as follows: oxygen vacancies induce greater atomic 

displacement at longer distances, leading to a shift of adjacent oxygen ions towards the vacancy 

site. This displacement results in the formation of diverse Zr dangling bonds, creating defect states. 

Conversely, the limitation of atomic displacement in t- ZrO2-xNx can be attributed to the presence 

of inter-layer nitrogen bridges, which restrict the movement of atoms. Consequently, the main 

atomic displacement primarily involves oxygen ions. It is worth noting that this reconstruction has 

the potential to spread to neighboring layers, as discussed in Section 3.1.1. Hence, even with a 

further increase in the concentration of nitrogen dopants, the band gap energy exhibits minimal 

changes. 

3.2 MD simulations 

 

3.2.1 Load-displacement curves of perfect-t-ZrO2 
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This section presents the results of numerical cyclic nanoindentation tests, offering insights into 

the influence of defect nature and concentration on the deformation behavior of t-ZrO2. The 

analysis quantifies parameters such as average plastic energy dissipation per unit (Eplastic), energy 

release rate (Gin), and the free energy required for plastic deformation. 

Results for the load as a function of indentation depth (P-h curve) for the perfect t-ZrO2 are shown 

in Fig. 6. The upward and downward arrows in nanoindentation curves represent the loading and 

unloading processes. To clarify the deformation behavior of the perfect t-ZrO2 versus depth, we 

indicate the chosen points I (h = 9.5Å), II (h =17.8 Å), III (h = 22.3 Å), and IV (hmax = 30 Å) in 

Fig 6. The structural evaluation of perfect-t-ZrO2, specifically from point (I) to point (IV), 

showcasing the plastic deformation behavior under the indentation load based on atom 

displacement magnitude are illustrated in Fig. 6. These snapshots display how the stress-induced 

deformation response changes with increasing the indentation depth. As can be seen from Fig. 6, 

two distinguished deformation regimes are identified in the P-h curve. For h < ca. 9.5Å, the slightly 

linear responses of load-depth curves denote the elastic deformation. After the elastic stage, a steep 

load drop in the P-h curve occurs, which corresponds to the beginning of the elastic-to-plastic 

transition. It can be considered a pop-in event. As evidenced in point (I), the first pop-in event 

happens in the indentation depth of ~ 9.5Å. Minor fluctuations, corresponding to increased atom 

displacement and higher magnitudes of displacement under indentation load, along with transitions 

from elastic to plastic deformation, are observed for h values ranging between 9.5Å and 17.8Å. 
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 In the range 17.8Å ≤ h ≤ 22.3 Å, the P-h curve fluctuates strongly and displays a zigzag shape. 

This behavior is attributed to plasticity growth[59]. As the depth increases (22.3Å ≤ h ≤ 30 Å), 

more atoms are involved in plastic deformation. 

 

 

Fig. 6. Indentation load-depth curve of perfect t-ZrO2, and structural evaluation of the perfect t-

ZrO2 structure under the sphere indenter at different indentation depths.  
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3.2.2 Indentation-induced plastic deformation of t-ZrO2-x and t-ZrO2-xNx 

Fig. 7a represents the comparative analysis of the load-depth curves of t-ZrO2-x at three levels of 

defect concentrations. The P-h curves of t-ZrO2-xNx, x=0.1, 0.14, and 0.2 are given in Fig. 7b. Both 

elastic and plastic evident stages are observed in Fig. 7a and Fig. 7b, as well as fluctuations with 

different intensities. The first pop-in events happen in the indentation depth of ca.11.5 Å, ca. 6.9Å, 

and ca. 6.2Å in ZrO2-x, x=0.1, ZrO2-x, x=0.14,  and ZrO2-x, x=0.2, respectively (Fig. 7a). Also, the 

first pop-in events appear at ca. 14.0Å, ca. 11.2 Å, and ca. 14.15 Å in t-ZrO2-xNx, x=0.1, t-ZrO2-

xNx, x=0.14, and t-ZrO2-xNx, x=0.2, respectively (Fig. 7b). It is well understood from Fig. 7a that 

the deformation response of t-ZrO2-x is significantly influenced by defect concentration. As the 

OV concentration increases the fluctuations of the indentation load of ZrO2-x intensified. Hence, 

complex deformation behavior is expected in t-ZrO2-x, x=0.2 during the plastic stage. On the 

contrary, when the N-dopant of the crystal is performed with different concentrations, the 

nanoindentation load-depth curves are not considerably disrupted. Therefore, there is no notable 

difference in pop-in events of t-ZrO2-xNx at different concentrations of N-dopant (Fig. 7b).  

To examine the effect of OV or N-dopant defects on the stress-induced plastic deformation of t-

ZrO2, cyclic nanoindentation simulations were used to calculate plastic energy dissipation (Eplastic). 

Eplastic is the result of permanent deformation in which energy can be transformed from one form 

to another one. The non-nonlinear response, pop-in events, and the intensified fluctuation of the 

load-depth curve can be quantified as plastic energy dissipation (Eplastic). 
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Fig. 7 Comparative nanoindentation load-depth curves of (a) t-ZrO2-x, x= 0.1, 0.14, and 0.2, (b) t-

ZrO2-xNx, x= 0.1, 0.14, and 0.2 

 

The (Eplastic) value can be calculated for each cycle according to eq 2[75]: 

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐸𝐸𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙 − 𝐸𝐸𝑢𝑢𝑙𝑙𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙 = ∫ 𝐹𝐹𝐹𝐹𝐹𝐹𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙 − ∫ 𝐹𝐹𝐹𝐹𝐹𝐹                                   (2)𝑢𝑢𝑙𝑙𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙    

Where Eloading and Eunloading are the integrated values of the loading and unloading forces with 

respect to indentation depth during the loading and unloading process of cyclic nanoindentation 

tests, respectively.  

Subsequently, the average plastic energy dissipated in the cyclic nanoindentation is considered as: 

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  1
𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚

 ∑ 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚                                                                                                    (3) 𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚
𝑙𝑙=1        

Where nmax is the maximum number of indentation cycles performed in the cyclic nanoindentation 

test. In this study, the maximum number of cycles is set to three. Cyclic load-depth curves of the 

perfect and defective t-ZrO2-x and t-ZrO2-xNx are reported in Fig. S3. In addition, the values of the 

Eplastic for the perfect and defective structures with different concentrations of OV and N-dopant, 

for the same penetration depth are listed in Table 3. According to the obtained results, the Eplastic 

of perfect t-ZrO2 (106.80 nJ) is lower than those of t-ZrO 2-x and t-ZrO 2-xNx. It is essential to note 

that the higher value of Eplastic should be linked to more permanent plastic deformation in the 

deformed zone resulting from the cyclic nanoindentation.  In addition, it is demonstrated that Eplastic 

values of t-ZrO2-xNx are lower than those of t-ZrO2-x for the same defect concentrations. Besides, 

the Eplastic value increases with increasing the defect concentrations in both defective structures. 

For the same defect concentration, the value of Eplastic for t-ZrO2-x, x=0.2 (ca. 129.34 nJ) and t-
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ZrO2-xNx, x=0.2 (ca. 109.21nJ) have increased to ca. 14.38% and ca. 2.25% compared to perfect t-

ZrO2. (ca. 106.80 nJ), respectively (Table 3). It means that the probability of permanent plastic 

deformation occurrence for t-ZrO2-x is almost 1.18 times higher than that for t-ZrO 2-xNx. It is 

important to note that, the increases of ca. 3.63% and ca. 8.98% of Eplastic value are observed by 

increasing the OV concentration to x=0.14 and x=0.2, respectively, in comparison with t-ZrO2-x, 

x=0.1. Only ca. 0.78% and ca. 2.00% increases in Eplastic are estimated by increasing the N-dopant 

concentration to x=0.14 and x=0.2, respectively, in comparison with t-ZrO2-x Nx, x=0.1. Increasing 

the concentrations of N-dopant in t-ZrO2 does not significantly impact the deformation 

mechanism, unlike the notable effect observed with increasing concentrations of OV. 

 

Table 3. Eplastic values obtained for the perfect t-ZrO2 and t-ZrO2-x, t-ZrO2-xNx, with x= 0.1, 0.14, 

and 0.2. 

 

 
 

 

 

 

 

 

Comparing atom displacement magnitudes under external loading reveals plastic deformation 

differences between perfect and defective t-ZrO2 at maximum indentation depth. It is now 

 Eplastic  (nJ) 

Perfect t-ZrO2 107 

t-ZrO2-x, x=0.1 118 

t-ZrO2-x, x=0.14 122 

t-ZrO2-x, x=0.2 129 

t-ZrO2-xNx, x=0.1 107 

t-ZrO2-xNx, x=0.14 108 

t-ZrO2-xNx, x=0.2 109 
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generally recognized that atom displacements are induced during plastic deformation and influence 

the mechanical and electronic properties. It is also noted that a small value of atomic displacement 

is consistent with small plastic deformation, and subsequently small changes in electronic 

properties. Fig. 8a presents a comparison of atomic displacement distributions along the z direction 

for perfect t-ZrO2 and t-ZrO2-x at various defect concentrations beneath the indenter. Similarly, 

Fig. 8b demonstrates the corresponding results for t-ZrO2-xNx. As can be understood from Fig. 8,  

the defect nature and concentration have different effects on the deformation behavior of t-ZrO2. 

First, the magnitude of atom displacement for the perfect t-ZrO2 at the maximum indentation depth 

is smaller than those for defective t-ZrO2-x, and t-ZrO2-xNx. Second, compared to t-ZrO2-xNx 

structures, t-ZrO2-x samples experience more atom displacements. Third, the magnitude of the 

indentation-induced atom displacement along the z direction decreases in the order of t-ZrO2-x, 

x=0.2 > t-ZrO2-x, x=0.14 > t-ZrO2-x, x=0.1 > t-ZrO2-xNx, x=0.2 > t-ZrO2-xNx, x=0.14 > t-ZrO2-xNx, 

x=0.1 > perfect-t-ZrO2. In order to gain a better understanding of the influence of defects on the 

atomic displacement pattern in t-ZrO2, we provide a comparison of shear strain colored 

deformation maps at the maximum indentation depth. The comparison includes perfect t-ZrO2, t-

ZrO2-x, x=0.2, and t-ZrO2-xNx, x=0.2, as depicted in Figs. 8c and 8b. The plastic flow clearly 

emerges in the plastic deformation zone as shown with the black arrows (Figs. 8c and 8b). 

Interestingly, both defective t-ZrO2 samples exhibit a greater abundance of atoms with higher shear 

strain (indicated by the red color) in the plastic deformation region compared to the perfect 

counterpart. Additionally, noticeable differences in atomic displacement magnitudes and the 

existence of atoms with higher shear strain are witnessed during the indentation process of t-ZrO2-

xNx, x=0.2 and t-ZrO2-x, x=0.2. The sample of t-ZrO2-xNx, x=0.2 due to the creation of π-π 

interactions between N ions and the nearest O ions of ZrO2 experience fewer atom displacements 
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than t-ZrO2-x, x=0.2 [42]. Therefore, the intensity of shear strain is lower than that of t-ZrO2-x, 

x=0.2, which leads to lower plastic deformations. The t-ZrO2-x, x=0.2 exhibits a scattered 

deformation map for shear strain compared to perfect and t-ZrO2-xNx, x=0.2. In other words, t-

ZrO2-x, x=0.2 undergoes more plastic deformation as it exhibits the highest magnitude of atomic 

displacement. Therefore, the plastic deformation zone shape of the t-ZrO2-x, x=0.2 is larger than 

the other ones. It seems that, In comparison to N-dopants, vacancy defects exhibit a remarkable 

ability to serve as efficient pathways for the rapid transfer of energy from the applied indentation 

force away from the indenter. This efficient transfer facilitates the deformation and stress 

distribution around the indenter, ultimately assisting in the movement of cracks. 
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Fig. 8. (a) Comparison of the distributions of atomic displacements along the z direction of the 

perfect t-ZrO2 with t-ZrO2-x, x = 0.1, 0.14, and 0.2 (b) the perfect t-ZrO2 with t-ZrO2-xNx, x = 0.1, 

0.14, and 0.2 (c) colored deformation map of the perfect t-ZrO2, (d) colored deformation map of 

(a) (b) 

(c) (d) (e) 
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t-ZrO2-x, x =0.2, and (e) colored deformation map of t-ZrO2-xNx, x =0.2. Note: Atoms 

experiencing shear strains below 0.5 under the indenter have been removed. 

3.3.1 The Griffith energy balance concept  

Indentation energies, such as the energy release rate (Gin) and the free energy needed for plastic 

deformation, are crucial parameters for studying the deformation behavior of materials. The value 

of Gin relates to plastic deformation, fracture, and delamination around the indenter. It represents 

the reduction in total potential energy with an increase in deformation surface area. Additionally, 

accurately assessing the deformation behavior needs estimating the free energy required for plastic 

deformation and the strain energy stored in the elastic medium. In order to obtain more precise 

values of Gin, we applied the methodology suggested in ref [76] which is based on the energy 

approach analysis; deformation and delamination growth of materials is governed by the net 

energy of a static crack, which is defined as in Eq 4.  

𝑈𝑈 = −𝑈𝑈𝑒𝑒 + 𝑈𝑈𝑝𝑝 + 𝑊𝑊𝑙𝑙                                                                                                           (4) 

 

Where Ue and Us are the strain energy stored in the elastic medium, and the free energy needed for 

deformation, respectively. In addition, Wd is known as the external mechanical work done by the 

sphere indenter. To achieve the thermodynamic equilibrium by balancing the three mentioned 

energies, it should be stated that: 

𝑈𝑈 = 0                                                                                                                                                     (5) 

Therefore, the free energy desired at the area of the deformed surface would be attained by 

rearranging Eq. (6) as follows: 

𝑈𝑈𝑝𝑝 = 𝑈𝑈𝑒𝑒 −𝑊𝑊𝑙𝑙                                                                                                                                       (6) 
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The calculation of Ue and Wd from the dual cyclic nanoindentation test is comprehensively 

explained and illustrated in Fig. S6. Finally, the energy release rate is calculated as follows [77]:  

𝐺𝐺𝑝𝑝𝑙𝑙 = 𝑈𝑈𝑠𝑠
𝐴𝐴

= 𝑈𝑈𝑒𝑒−𝑊𝑊𝑑𝑑
𝜋𝜋𝑟𝑟𝑖𝑖

2                                                                                                             (7) 

Where A represents the delamination or deformation area, which is defined in Fig. S4. The free 

energy required for plastic deformation, strain energy in the elastic medium, and energy release 

rate of perfect t-ZrO2, t-ZrO2-x, and t-ZrO2-xNx at the maximum indentation depth are summarized 

in Table S2. Additionally, Fig. 9 presents a comparison of the values of Us and Gin among perfect 

t-ZrO2, t-ZrO2-x, and t-ZrO2-xNx at different defect concentrations. The depicted results reveal that 

the calculated free energy value for t-ZrO2-x with a defect concentration of x=0.1 is 783.23 nJ, 

significantly lower than the value of 1431 nJ observed for perfect t-ZrO2. The data for the t-ZrO2-

xNx, x=0.1 is in between these values (1147.79nJ). As a result, perfect t-ZrO2 exhibits the highest 

needed free energy for plastic deformation during cyclic nanoindentation. This finding is linked to 

the resistance of perfect t-ZrO2 towards plastic deformation, which is in line with its lowest Eplastic 

value (Table 3). Furthermore, as depicted in Fig. 9, the Us values demonstrate a lower magnitude 

for t-ZrO2-x  in contrast to t-ZrO2-xNx. As well as it increases with increasing defect concentrations. 

Based on these findings, it can be inferred that among the defective structures, t-ZrO2-x, x=0.1 

exhibits the lowest free energy value, while t-ZrO2-xNx,x=0.2 displays the highest value. These 

results indicate that t-ZrO2-x, x=0.1 experiences the most pronounced level of spontaneous plastic 

deformation, whereas t-ZrO2-xNx,x=0.2 demonstrates minimal levels of such deformation. 

Consequently, reaching the same nanoindentation depth requires the highest thermodynamic work 

for t-ZrO2-x, x=0.1, and the lowest for t-ZrO2-xNx, x=0.2 respectively (Table S2).  
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Intriguingly, the value of Gin decreases upon the introduction of point defects into the perfect t-

ZrO2 crystal, as evidenced by Fig. 9. Significant decreases of 45.47% and 17.15% are observed in 

the value of Gin in perfect t-ZrO2 upon introducing 0.1 of OV and N-dopants, respectively. Besides, 

the Gin value of t-ZrO2-x is ca. 1.50 times lower than that of t-ZrO2-xNx. The observed trends in Gin 

values for the three N-dopant concentrations (x=0.2 > x=0.14 > x=0.1) exhibit distinct similarities 

to oxygen-deficient t-ZrO2-x samples. The dependence of Gin on the presence of defects is attributed 

to the formation of major residual indentation stresses in the t-ZrO2 under nanoindentation; such 

stresses tend to decrease the energy release rate and hence lead to the larger value of the apparent 

Gin. Thus, the reduced Gin of t-ZrO2-x is attributed to enhanced plastic deformation and shear strain 

towards the vacancy during the loading process, leading to increased permanent residual 

displacement upon load reaction. 
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Fig. 9.  Comparison of the values of Us and Gin among perfect t-ZrO2, t-ZrO2-x, and t-ZrO2-xNx at 

different defect concentrations 

 

Additionally, the introduction of vacancy or N-dopant defects into the t-ZrO2 crystal reveals a 

positive impact on the strain energy stored in the elastic medium. The value of Ue decreases in the 

order of t-ZrO2-x > t-ZrO2-xNx > perfect-ZrO2 (Table S2). This trend is contrary to the variation of 

Us. Likewise, ca. 0.45% and ca. 0.79% increases of Ue is witnessed for t-ZrO2-x and t-ZrO2-xNx by 

changing the OV or N-dopant concentration from x=0.1 to x=0.14, respectively. It is worth noting 

that the strain energy stored in the elastic medium is directly linked to plastic deformation and the 
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increased shear strain. As we discussed in section 3.2.2, the t-ZrO2-x, x=0.2 exhibits the highest 

shear strain at the maximum indentation depth. This phenomenon suggests that the presence of 

vacancy defects increases dislocation density, resulting in higher strain energy stored in the elastic 

medium of t-ZrO2-x compared to t-ZrO2-xNx. 

4. Conclusion  

 

In summary, motivated by the promising applications of defective t-ZrO2, we performed First-

principle calculations to explore how oxygen vacancies and N-dopants affect the structural and 

electronic properties of t-ZrO2. Furthermore, we compared the tunable plasticity of t-ZrO2-x and t-

ZrO2-xNx at different defect concentrations (x = 0.1, 0.14, and 0.2), focusing on the energy release 

rate and free energy needed for plastic deformation during cyclic nanoindentation simulations. Our 

findings demonstrated that vacancy defects and N-dopants induce long-range and short-range 

atomic displacements in the t-ZrO2 crystal, respectively. As a result, they enabled the tuning and 

modification of the structural, electronic properties, and plasticity of wide band gap t-ZrO2. The 

band gap energies of defective structures exhibited a substantial reduction, ranging from 2.5 eV to 

1.28 eV for t-ZrO2-x, (x=0.1 to 0.2) and from 3.74 eV to 3.49 eV for t-ZrO2-xNx, (x=0.1 to 0.2). 

This noteworthy decrease is compared to the perfect structure's band gap of 5.6 eV. Furthermore, 

extensive discussions were provided to analyze the impact of vacancy and N-dopant defects on 

tuning the plasticity of t-ZrO2 through energy-based nanoindentation analysis. MD simulations 

showed that the plastic deformation zone pattern and energy release rate in -ZrO2 beneath the 

indenter were predominantly influenced by oxygen vacancy defects, rather than N-dopants. In 

conclusion, t-ZrO2-x, x=0.1 demonstrated substantial spontaneous plastic deformation, whereas t-

ZrO2-xNx,x=0.2 exhibited minimal levels of such deformation. Overall, the study is crucial to 

establish a solid understanding of tuning the plasticity and electronic properties of t-ZrO2 through 
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defect engineering. This knowledge makes defective t-ZrO2 highly intriguing for future 

investigations and emerging technological applications with precisely tailored properties. 
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Fig. S1 (a) The magnitude of atom displacement of t-ZrO2-x, x=0.14, (b t-ZrO2-x, x=0.2, (c) t-ZrO 

2-xNx, x=0.14, (d) t-ZrO 2-xNx, x=0.2 
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Fig. S2. band structure and DOS of (a) t- ZrO2-x, x=0.14, (b) t- ZrO2-x, x=0.2, (c) t- ZrO2-xNx, 

x=0.14, (d) t-ZrO2-xNx, x=0.2 
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Fig. S3. Cyclic nanoindentation load-depth curves of pure and t-ZrO2-x, x= 0.1, 0.14, and 0.2, 

and t-ZrO2-xNx, x= 0.1, 0.14, and 0.2. 
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Dual cyclic nanoindentation 

As we mentioned in the manuscript, we used the cyclic dual-nanoindentation technique to evaluate 

the energy release rate during plastic deformation and delamination. Fig. S4 displays how the 

energy used for deformation and delamination can be achieved from a load-depth curve of the 

dual-indentation. Curve AB is related to the loading curve of the second nanoindentation and can 

be considered as the response of the elastic bending of the t-ZrO2 film. Consequently, the area 

beneath the curve AB (the area enclosed by ABDA), is defined as the stored elastic strain energy 

of the deflected film of t-ZrO2 at the contact depth (hc) between the indenter and t-ZrO2 film. The 

mechanical work needed for nanoindentation (Wd) is calculated by integrating the unloading part, 

which is the area enclosed by ACDA. Therefore, according to Eq.6 in manuscript, the free energy 

(Us) can be computed by calculating the area enclosed by ABCA.  

It is worth mentioning that hc can be obtained from by Oliver-Pharr method as follow: 

hc = hmax − 0.72 Pmax
Smax

                     (S1) 

Where hmax is the maximum indentation depth, Pmax is the force at the maximum indentation depth, 

and Smax is the contact stiffness, which is can be considered as the slope of the unloading curve at 

initially stage of unloading. The values of Pmax, Smax, and hc for pure-t-ZrO2, and t-ZrO(2-x), and t-

ZrO(2-x)Nx are listed in Table S1.  
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Fig. S4. Illustration of the energy calculation for indention-induced delamination. 
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Delamination area 

In order to calculate the energy release rate, the delamination area should be calculated correctly. 

The measurement of the geometry of the deformation beneath the indenter and the radius of the 

deformation is difficult. Nevertheless, it can be estimated as a diaphragm, which clamped on a 

circular boundary. The radius can be approximated by evaluating the deflection of the diaphragm 

under a dual-indentation load. We employed the Hertz contact loaded plate model to determine the 

radius of crack induced via a spherical indenter, as shown in Fig. S5, the connection between a 

nanoindentation load and the yield deflection of the clamped diaphragm underneath a load of P is 

shown as: 

ℎ = � 9𝑃𝑃2

16𝑅𝑅𝐸𝐸2
�
1/3

+ 3𝑃𝑃𝑟𝑟𝑐𝑐2�1−𝜗𝜗2�
4𝜋𝜋𝐸𝐸𝑑𝑑3

        (S2) 

Where h, P, R, are the indentation depth, the load, and the indenter tip radius, respectively. In 

addition, E, d, and rc are the elastic modulus of the film, the thickness, and the crack radius, 

respectively. The thickness and the Poisson’s ratio of the t-ZrO2 film is indicated as d and ν, 

respectively. 

With the calculation of  the radius, the area of delamination is computed by: 

A= 𝜋𝜋𝑟𝑟𝑖𝑖2                           (S3) 
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Fig. S5. The centrally loaded clamped circular plate model for delamination area estimation  
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Table S1. The values of Pmax, Smax, and hc for pure-t-ZrO2, and t-ZrO2-x, and t-ZrO2-xNx, x=0.1, 

0.14, 0.2. 

 Pmax(nN) Smax hc (Å) rc(Å) 

Perfect t-ZrO2 2429.17 686.94 27.45 4.12 

ZrO2-x,x=0.1 2277.62 646.2 27.46 4.12 

ZrO2-x,x=0.14 2247.18 690.33 27.65 4.29 

ZrO2-x,x=0.2 2289.67 674.59 27.55 4.20 

ZrO2-xNx, x=0.1 2269.11 621.83 27.37 4.05 

ZrO2-xNx, x=0.14 2138.17 616.26 27.50 4.15 

ZrO2-xNx, x=0.2 2158.82 647.53 27.59 4.24 
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Table S2. The amounts of  free energy needed for deformation (Us), the strain energy stored in 

the elastic medium (Ue), the external mechanical work done by the sphere indenter (Wd), and the 

energy release rate of the pure t-ZrO2, t-ZrO2-x, and t-Zr2-xNx x= 0.1, 0.14, and 0.2 during cyclic 

nanoindentation 

 Ue (nJ) Wd (nJ) Us (nJ) Gin (nJ/nm2) 

Perfect t-ZrO2 109 266 1431 2681 

t-ZrO2-x,x=0.1 220 142 782 1462 

t-ZrO2-x,x=0.14 228 137 908 1567 

t-ZrO2-x,x=0.2 267 160 1077 1938 

t-ZrO2-xNx, x=0.1 126 241 1148 2221 

t-ZrO2-xNx, x=0.14 124 253 1284 2364 

t-ZrO2-xNx, x=0.2 149 286 1371 2425 
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