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Abstract

:

The deformation behaviors and fracture features of GaP(100) single-crystal are investigated by using nano- and micro-scale indentation techniques. The hardness and Young’s modulus were measured by nanoindentation using a Berkovich diamond indenter with continuous contact stiffness measurements (CSM) mode and the values obtained were 12.5 ± 1.2 GPa and 152.6 ± 12.8 GPa, respectively. In addition, the characteristic “pop-in” was observed in the loading portion of load-displacement curve, which was caused by the nucleation and/or propagation of dislocations. An energetic estimation methodology on the associated nanoindentation-induced dislocation numbers resulting from the pop-in events was discussed. Furthermore, the Vickers indentation induced fracture patterns of GaP(100) single-crystal were observed and analyzed using optical microscopy. The obtained fracture toughness KC of GaP(100) single-crystal was ~1.7 ± 0.1 MPa·m1/2, which is substantially higher than the KIC values of 0.8 MPa·m1/2 and 1.0 MPa·m1/2 previously reported for of single-crystal and polycrystalline GaP, respectively.
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1. Introduction


The III–V zincblende GaP is one of the most widely utilized substrates for fabricating various semiconducting and magnetic thin films [1,2,3,4]. From the viewpoint of device applications, it is thus of crucial importance to fully recognize the response of substrates due to mechanical stresses introduced during fabrication processes, which might cause the contact-induced damage and cracking. Accordingly, in order to implementing the important functional components of the devices on the GaP substrates, an accurate measurement of its mechanical characteristics is highly demanded.



Nanoindentation has been proved to be a powerful tool for studying the fundamental mechanical properties (for instance, the hardness and Young’s modulus) of various nanostructured materials [5,6,7], biomaterials [8,9], and thin films [10,11,12,13,14]. Combining the nanoindentation with microscopic techniques, the nanoindentation-induced shear band formation [15,16,17] in bulk metallic glasses, dislocation nucleation [18,19,20] in GaN films, and phase transition [21,22,23] in single-crystals Si and Ge had been extensively investigated to reveal the underlying mechanisms in great detail. For instance, it was indicated that in many nanoindentation measurements, the materials often exhibits a characteristic feature called the “pop-in” event characterized by a sudden displacement burst at a nearly constant indentation load, which acts as a trigger signifying the onset of plastic deformation. On the other hand, the “pop-in” behaviors have been attributed otherwise to the crack nucleation and the delamination phenomena [24]. In some cases, it has been also interpreted as the manifestations of the dislocation activity [18,19,20] depending strongly on the crystal structure of the test materials [25], temperature [26], the shape of indenter tip [27] and indenter angle [28]. Furthermore, the correlations between pop-in behaviors and dislocation activities of materials have been widely studied by combining microstructural observations with the cross-sectional transmission electron microscopy in recent years [29,30,31].



For the nanoindentation responses, the single “pop-in” behavior is often observed in the zincblende-structured, such as GaAs and InP single-crystals [31,32]. Whereas the multiple “pop-ins” has been ubiquitously identified in the hexagonal-structured materials, such as GaN thin films [33] and ZnO single-crystal [29]. However, although pop-in phenomenon in the loading segment was cited in the zincblende-structured GaP single-crystal [34], the features were not as apparent, presumably due to the sensitivity of testing module used in their indentation measurements was force module, which often resulted in serrated loading curve and blurred the feature of pop-in events. Herein, in this study, the mechanical properties and indentation-induced deformation behaviors of GaP(100) single-crystal were investigated by using continuous stiffness measurements (CSM) nanoindentation module to unveil the fundamental aspects of plasticity and mechanisms of local dislocation activities. Using the classical dislocation theory [35], we also estimated the number of indentation-induced dislocation loops formed at the initial stage of nanoscale deformation in GaP(100) single-crystal. Moreover, the Vickers indentation-induced fracture behaviors and mechanisms of GaP(100) single-crystal will be discussed, as well.




2. Materials and Methods


The (100)-oriented single-crystal GaP (1 × 0.5 cm2 in size, 0.5 mm-thickness and surface roughness: 0.2 nm) was purchased from Semiconductor Wafer Inc (SWI, Hsinchu, Taiwan). The nanoindentation tests were conducted using the Nanoindenter MTS NanoXP® system (MTS Cooperation, Nano Instruments Innovation Center, Oak Ridge, TN, USA) equipped with a continuous stiffness measurement (CSM) module [36], which was accomplished by superimposing a small oscillation on the force signal and measuring the displacement response at the same frequency of 75 Hz. A pyramid-shaped Berkovich diamond tip with a radius of curvature around 50 nm was used as the indenter. The indenter was set three times to confirm that the indenter tip was properly in contact with materials surface and that any parasitic phenomenon was released from the tests. Next, the indenter was loaded for the fourth and final time at a strain rate of 0.05 s−1 until reaching the indentation depth. At the peak load the tip was held for 30 sec to avoid the influence of creep on unloading properties, which were used to calculate the mechanical properties of GaP(100) single-crystal. Finally, the tip was withdrawn with the same strain rate until 10% of the peak load was reached. In each measurement, 20 indentations were performed and each indentation was separated by 20 μm to avoid any possible interference from the neighboring indents [37,38].



The analytic method of Oliver and Pharr [39] was adopted to calculate the hardness and Young’s modulus of GaP(100) single-crystal. The hardness is defined as the applied indentation load divided by the projected contact area; that is,   H =  P m  /  A C   , where    A C    is the projected contact area between the indenter tip and the surface at a maximum indentation load,    P m   . For a perfectly sharped Berkovich indenter tip, the projected area is given by    A c  = 24.56    h c 2    (where    h c    is the true contact depth). The elastic modulus of material can be further calculated based on the relationships developed by Sneddon [40], as following:


   E r  =  1  2 β   S    (   π   A c     )    1 / 2    



(1)




where, S is the contact stiffness of material and β is a geometric constant with β = 1.00 for Berkovich indenter. The reduced elastic modulus,    E r   , can be calculated by using the equation:


   1   E r    =  (    1 −  v i 2     E i     )  +  (    1 −  v  GaP  2     E  GaP      )   



(2)




where ν is the Poisson’s ratio, E is Young’s modulus. The subscripts “i” and “GaP” are indicated as the diamond indenter and GaP(100) single-crystal, respectively. For diamond indenter tip, Ei = 1141 GPa,    ν i    = 0.07 [39] and,    ν Gap    = 0.3 [41] is assumed for GaP(100) single-crystal. Further combining Equations (1) and (2), one can obtain the expression of Young’s modulus (EGaP) for GaP(100) single-crystal, as following:


   E  Gap   =   S  E i   (  1 −  v Gap 2   )   π    2 β  E i     A c    − S  (  1 −  v i 2   )   π     



(3)







Therefore, the indentation displacement dependence of the hardness and Young’s modulus of materials can be obtained.



The Vickers indentations were made on GaP(100) single-crystal using a hardness tester (Akashi MVK-H11) to characterize the cracking behaviors. It is found that if indentation load is too high (e.g., 5 N) severe cracking and spallation will occur. As a result, in this study, the indentation load of 1.96 N was chosen, because it resulted in distinguishable crack pattern without spallations. Nine indents were performed at room temperature. The indentation-induced cracking patterns are observed by an optical microscope (OM) to obtain the indentation size and radial crack length along all directions statistically, which were used subsequently for calculating the fracture toughness of GaP(100) single-crystal.




3. Results


3.1. Nanoindentation


Ten CSM load-displacement curves of GaP(100) single-crystal reflecting the elastic and plastic behavior in course of nanoindentation is displayed in Figure 1. This curve clearly exhibits a displacement burst on the loading curve, known as the characteristic “pop-in” behavior, occurring at a critical load of about 0.9 mN, as shown in the insert of Figure 1. The pop-in behavior can be regarded as the manifestation of sudden activities of dislocations [32,42], giving rise to the seemingly discontinuous plastic deformation in the course of nanoindentation. Another noticeable feature in Figure 1 is that no discontinuities observed in the unloading curve, the so-called “pop-out” event. Generally, the “pop-out” event is a pressure-induced phase transition and has been observed in Si single-crystals [21,23,43] and Ge single-crystals [22,44]. The absence of this event indicates that there might not be any phase transition involved in the present case.



The curves of hardness and Young’s modulus versus the indentation depth obtained from the CSM analyses of GaP(100) single-crystal are plotted in Figure 2. Both curves exhibit a similar tendency, namely an initial quasi-linear increase to a maximum value, followed by a subsequent sharp decrease and then finally approaches to a constant value. It is interesting to note that the sharp decrease after the stage essentially coincides with the pop-in event, indicating a bursting activity of dislocation. The fact that the curves of hardness and the Young’s modulus both reaching constant values at a moderate penetration depth ensures the reliability of measurements, and the values of hardness and Young’s modulus of GaP(100) single-crystal obtained at this stage can be regarded as its intrinsic properties. In this study, the hardness and Young’s modulus of GaP(100) single-crystal obtained are about 12.5 ± 1.2 GPa and 152.6 ± 12.8 GPa, respectively. The value of Young’s modulus obtained in this work is consistent with the value of 147 ± 5 GPa reported by Grillo et al. [34]. However, the hardness reported in [34] was highly dependent on the maximum indenting force applied, with the values of 12.5 ± 0.2 and 10.9 ± 0.2 for the applied load of 1 and 10 mN, respectively. Since the CSM measurement instantaneously reflects the depth-dependence of hardness and Young’s modulus, thus the fact that both the hardness and Young’s modulus reaches its intrinsic values (as displayed in Figure 2) at an indentation depth of about 20 nm with a corresponding applied load of about 0.2 mN (see the inset of Figure 1) indicates the value of the intrinsic hardness of GaP should be more likely 12.5 ± 1.2 GPa. It is noted that although previous studies [25,45,46,47] have indicated that the difference of hardness and Young’s modulus values obtained in various semiconducting materials could be attributed to the crystalline orientation of thin films or single crystals, it is also plausible to deduce that the different operation modes of the nanoindenter or the indented plane may lead to the dissimilar results. To illustrate this point, values of hardness and Young’s modulus of various semiconductor single-crystals and thin films are listed in Table 1. In the future, we do anticipate that more details of mechanical properties and microstructural deformation mechanisms of (100)-, (110)- and (111)-oriented GaP single-crystals can be rigorously investigated in a comparative manner.




3.2. Homogeneous Dislocation Nucleation


In a previous study reported by Onodera et al. [53], the GaP zincblende phase undergoes a structural transition to a metallic phase II (β-Sn-type structure) as the pressure is higher than 20 GPa, which is higher than the hardness of GaP(100) single-crystal obtained in this work. Also, no characteristics of pressure-induced metallic phase transition phenomena can be observed in AFM image, as shown in the right hand side of Figure 1. The similar pop-in behavior has been investigated in the zincblende-structured GaAs and InP [32], indicating that the deformation mechanisms were indeed correlated to the massive dislocations nucleation and propagation during nanoindentation. Consequently, it is quite plausible to assume that similar behavior/mechanism also dominates in GaP(100) single-crystal.



According to the above-mentioned discussion, the pop-in appeared in the loading part naturally reflects the onset of nanoplasticity of GaP(100) single-crystal, which was manifested by the sudden nucleation and propagation of dislocations. That is, the corresponding indentation load is associated with the critical shear stress (τmax) and the energy connected with the “pop-in depth” may directly account for the number of the nanoindentation-induced newly nucleated dislocation loops. Following Johnson’s analytical model [54], the τmax can be related to an indentation load (Pc), as given below:


   τ  max   =  (  0.31 / π  )     (  6  P c   E r 2  /  R 2   )    1 / 3    



(4)




where R is the radius of indenter tip. The τmax for GaP(100) single-crystal thus obtained is about 3.8 GPa. Hence, the shear stress that initiates the plastic deformation and energy required for creating a dislocation loop to promote the deformation can be calculated. The free energy of a circular dislocation loop of radius (r), is given as:


  U =  γ dis  2 π r − τ b π  r 2   



(5)




where γdis, b (~0.385 nm) [55] and τ are the line energy of dislocation loop, the magnitude of Burgers vector and the external shear stress, respectively. The first term on the right-hand side of Equation (5) describes the energy needed to generate a dislocation loop in an initially defect-free lattice. The second term of Equation (5) is interpreted as the strain energy released via the work done by the applied stress, which, in effect, expands the dislocation loop over a displacement of one Burgers vector. The existence of a dislocation will generate lattice strain spreading in the vicinity of the dislocation for r > rcore, and the corresponding line energy γdis is given by [35]:


   γ  dis   =   G  b 2    8 π    (    2 −  v  GaP     1 −  v  GaP      )   [  l n  (    4 r    r  core      )  − 2  ]   



(6)




where G ≈ 49.7 GPa [55] is the shear modulus of GaP(100) single-crystal and, rcore is the radius of a dislocation core. By using Equation (6), the Equation (5) can be rewritten as:


  U =   G  b 2   4   (    2 −  v  GaP     1 −  v  GaP      )   (  l n   4 r    r core    − 2  )  r −  τ c  b π  r 2   



(7)







Wherein the value of the critical resolved shear stress τc is taken as half of τmax [56]. Equation (7) is a function of the material properties and the free energy accounts for the dislocations generated during the pop-in event, which has a maximum value when the dislocation loops reaches at a critical radius, rc. The system gains energy when the dislocation loop radius, r, is larger than the critical radius. Equation (7) also indicates that this maximum energy decreases with increasing load and homogeneous creation of circular dislocation loop becomes possible without the thermal energy at U = 0 [57], which in turn triggers a pop-in event in the loading curve. With this condition and set dU/dr = 0 for a maximum yields:    τ c  = 2  γ dis  / b r   and    r c  =  (   e 3   r core   )  / 4  . By plugging in the associated numbers quoted above, one obtains rcore ≈ 0.19 nm and rc = 0.95 nm, respectively for GaP(100) crystal.



On the other hand, the number of dislocation loops generated in the pop-in can be calculated from the associated work-done, Wp, during nanoindentation. Wp is approximated as the product of critical loading (Pc, which is about 0.9 ± 0.2 mN) and the sudden burst displacement (dpop-in, which is about 5.8 ± 0.4 nm), as shown in Figure 1. The zeroth order estimation gives Wp ≈ 5.2 × 10−12 Nm, implying that ~106 dislocation loops with the size of critical diameter are generated during the pop-in event. This number is relatively low and is in agreement with the scenario of homogeneous dislocation nucleation, instead of activated collective motion of pre-existing dislocations [58].




3.3. Fracture Toughness and Fracture Energy


The fracture toughness (KC) is another important mechanical property of a material, especially when considered to serve as the substrate for device fabrications. KC can be measured using the indentation-induced cracks at the corners of an indent through the Vickers indentation [59]. The typical pattern of the Vickers indentation-induced cracking on GaP(100) single crystal is displayed in Figure 3. The ratio of average cracking length (l = (l1 + l2)/4, where l1 and l2 are denoted in Figure 3) to the half-diagonal length of the indentation (a) obeys the criteria of Palmqvist cracks with 0.25 ≤ l/a ≤ 2.5. The following equation is thus used to calculate KC value of GaP(100) single crystal, which is reported by Niihara et al. [60,61], as:


   K C  =   0.009 P   a  l       (     E  GaP    H   )    2 / 5    



(8)




where P is the applied loading. The obtained KC value of the GaP(100) single crystal is about 1.7 ± 0.1 MPa·m1/2. Comparing with the reported KIC values of single crystal GaP and polycrystalline GaP, which are 0.8 MPa·m1/2 and 1.0 MPa·m1/2 [62], respectively, the value obtained in the present study is substantially higher. Considering that KC is strongly related to materials geometry and is usually decreased with increasing sample thickness until reaching a minimum value known as KIC, we believe that the difference, although is noticeable, is in a reasonable range. The fracture energy (GC) of GaP(100) single crystal is also calculated using the equation:    G C  =  K C 2   [   (  1 −  v  GaP  2   )  /  E  GaP    ]    [63]. The obtained value for fracture energy is approximately 23.8 J·m−2 in this study.





4. Conclusions


To sum up, the mainly findings of indentation-induced pop-in and fracture behaviors of GaP(100) single-crystal are summarized as following:




	
From nanoindentation results, the obtained hardness and Young’s modulus of GaP(100) single crystal are 12.5 ± 1.2 GPa and 152.6 ± 12.8 GPa, respectively.



	
The energetic estimation indicated that the number of dislocation loop is estimated to be in the order of 106 for the pop-in event with a critical radius of 0.95 nm.



	
The KC and GC values of GaP(100) single crystal obtained from the Vickers indentation test are about 1.7 ± 0.1 MPa·m1/2 and 23.8 J·m−2, respectively.












Author Contributions


Experiments and analyses, Y.-J.C. and J.-W.L.; discussion on materials characterizations, S.-R.J. and J.-Y.J.; designed the project of experiments and drafted the manuscript, S.-R.J.; read and approved the final manuscript, Y.-J.C., S.-R.J., J.-W.L. and J.-Y.J.




Funding


The authors thank for the financial supports from the Ministry of Science and Technology, Taiwan under Contract Nos. MOST107-2112-M-214-001, MOST106-2112-M-214-001 and MOST105-2112-M-214-001. This work was supported by the Fujian Nature foundation, No. 2016J01039; Xiamen City Project No. 3502Z20173037.




Acknowledgments


Author likes to thank T.-C. Lin for her technical supports in nanoindentation experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Guo, Q.; Ogawa, H.; Yamano, H.; Yoshida, A. Growth of InN films on GaAs(111) and GaP(111) substrates by microwave-excited metalorganic vapor-phase epitaxy. Appl. Phys. Lett. 1995, 66, 715–717. [Google Scholar] [CrossRef]

	



Oishi, K.; Kobayashi, S.; Ohta, S.; Tsuboi, N.; Kaneko, F. Orientation of CuGaS2 thin films on (100) GaAs and GaP substrates. J. Cryst. Growth 1997, 177, 88–94. [Google Scholar] [CrossRef]

	



Nateghi, N.; Ménard, D.; Masut, R.A. Large interface diffusion in endotaxial growth of MnP films on GaP substrates. J. Appl. Phys. 2014, 116, 133512. [Google Scholar] [CrossRef]

	



Arias-Cerón, J.S.; Vilchis, H.; Hurtado-Castañeda, D.M.; Sánchez, V.M. Free standing c-GaN films grown by low-pressure metalorganic chemical vapor deposition on GaP (100) substrates. Mater. Sci. Semicond. Process. 2018, 74, 98–101. [Google Scholar] [CrossRef]

	



Tao, X.; Wang, X.; Li, X.D. Nanomechanical characterization of one-step, combustion-synethesized Al4B2O9 and Al18B4O33 nanowires. Nano Lett. 2007, 7, 3172–3176. [Google Scholar] [CrossRef]

	



Bao, L.; Xu, Z.H.; Li, R.; Li, X.D. Catalyst-free synthesis and structural and mechanical characterization of single crystalline Ca2B2O5 center dot H2O nanobelts and stacking faulted Ca2B2O5 nanogrooves. Nano Lett. 2010, 10, 255–262. [Google Scholar] [CrossRef]

	



Sun, Z.; Liao, T.; Li, W.; Dou, Y.; Liu, K.; Jiang, L.; Kim, S.W.; Kim, J.H.; Dou, S.X. Fish-scale bio-inspired multifunctional ZnO nanostructures. NPG Asia Mater. 2015, 7, e232. [Google Scholar] [CrossRef]

	



Ebenstein, D.M.; Pruitt, L.A. Nanoindentation of biological materials. Nano Today 2006, 1, 26–33. [Google Scholar] [CrossRef]

	



Zadpoor, A.A. Nanomechanical characterization of heterogeneous and hierarchial biomaterials and tissues using nanoindentation: The role of finite mixture models. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 48, 150–157. [Google Scholar] [CrossRef]

	



Jian, S.R.; Le, P.H.; Luo, C.W.; Juang, J.Y. Nanomechancial and wettability properties of Bi2Te3 thin films: Effects of post-annealing. J. Appl. Phys. 2017, 121, 175302. [Google Scholar] [CrossRef]

	



Martinez, G.; Ramana, C.V. Microstructure, mechanical and electrocal properties of nanocrystalline W-Mo thin films. AIP Adv. 2017, 7, 125201. [Google Scholar] [CrossRef]

	



Chen, G.J.; Jian, S.R. Effects of Cu doping on the structural and nanomechanical properties of ZnO thin films. Appl. Phys. A Mater. Sci. Process. 2018, 124, 575. [Google Scholar] [CrossRef]

	



Lai, H.D.; Jian, S.R.; Tuyen, L.T.C.; Le, P.H.; Luo, C.W.; Juang, J.Y. Nanoindentation of Bi2Se3 thin films. Micromachines 2018, 9, 518. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.H.; Jian, S.R.; Chen, G.J.; Cheng, H.Z.; Juang, J.Y. Annealing-driven microstructuiral evolution and its effects on the surface and nanomechanical properties of Cu-doped NiO thin films. Coatings 2019, 9, 107. [Google Scholar] [CrossRef]

	



Zhang, H.; Maiti, S.; Subhash, G. Evolution of shear bands in bulk metallic glasses under dynamic loading. J. Mech. Phys. Solids 2008, 56, 21712187. [Google Scholar] [CrossRef]

	



Greer, A.L.; Cheng, Y.Q.; Ma, E. Shear bands in metallic glasses. Mater. Sci. Eng. R Rep. 2013, 74, 71–132. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, L.; Xue, Y.; Zhang, H.; Fu, H. Nnaoindentation response of laser shock peened Ti-based bulk metallic glass. AIP Adv. 2015, 5, 057156. [Google Scholar] [CrossRef]

	



Bradby, J.E.; Kucheyev, S.O.; Williams, J.S.; Wong-Leung, J.; Swain, M.V.; Munroe, P.; Li, G.; Phillips, M.R. Indentation-induced damage in GaN epilayers. Appl. Phys. Lett. 2002, 80, 383–385. [Google Scholar] [CrossRef]

	



Jian, S.R. Mechanical deformation induced in Si and GaN under Berkovich nanoindentation. Nanoscale Res. Lett. 2008, 3, 6–13. [Google Scholar] [CrossRef]

	



Krimsky, E.; Jones, K.A.; Tompkins, R.P.; Rotella, P.; Ligda, J.; Schuster, B.E. Nano-indentation used to study pyramidal slip in GaN single crystals. J. Appl. Phys. 2018, 123, 065701. [Google Scholar] [CrossRef]

	



Bradby, J.E.; Williams, J.S.; Wong-Leung, J.; Swain, M.V.; Munroe, P. Transmission electron microscopy observation of deforamtion microstructure under spherical indentation in silicon. Appl. Phys. Lett. 2000, 77, 3749–3751. [Google Scholar] [CrossRef]

	



Jang Jae-il Lance, M.J.; Wen, S.; Pharr, G.M. Evidence for nanoindentation-induced phase transformations in germanium. Appl. Phys. Lett. 2005, 86, 131907. [Google Scholar] [CrossRef]

	



Jian, S.R.; Chen, G.J.; Juang, J.Y. Naonindentation-induced phase transformation in (110)-oriented Si single-crystals. Curr. Opin. Solid State Mater. Sci. 2010, 14, 69–74. [Google Scholar] [CrossRef]

	



Lamuta, C.; Cupolillo, A.; Politano, A.; Aliev, Z.S.; Babanly, M.B.; Chulkov, E.V.; Alfano, M.; Pagnotta, L. Nanoindentation of single-crystal Bi2Te3 topological insulators grown with the Bridgman-Stockbarger method. Phys. Status Solidi B Basic Solid State Phys. 2016, 253, 1082–1086. [Google Scholar] [CrossRef]

	



Huang, J.; Xu, K.; Fan, Y.M.; Niu, M.T.; Zeng, X.H.; Wang, J.F.; Yang, H. Nanoscale anisotropic plastic deformation in single crystal GaN. Nanoscale Res. Lett. 2012, 7, 150. [Google Scholar] [CrossRef]

	



Lu, J.Y.; Ren, H.; Deng, D.M.; Wang, Y.; Chen, K.J.; Lau, K.M.; Zhang, T.Y. Thermally activted pop-in and indentation size effects in GaN films. J. Phys. D Appl. Phys. 2012, 45, 085301. [Google Scholar] [CrossRef]

	



Jang Jae-il Lance, M.J.; Wen, S.; Tsui, T.Y.; Pharr, G.M. Indentation-induced phase transformations in silicon: Influences of load, rate and indenter angle on the transforamtion behavior. Acta Mater. 2005, 52, 1759–1770. [Google Scholar] [CrossRef]

	



Jang, J.-I.; Pharr, G.M. Influence of indenter angle on cracking in Si and Ge during nanoindentation. Acta Mater. 2008, 56, 4458–4469. [Google Scholar] [CrossRef]

	



Jian, S.R. Pop-in effects and dislocation nucleation of c-plane single-crystal ZnO by Berkovich nanoindentation. J. Alloy. Compd. 2015, 644, 54–58. [Google Scholar] [CrossRef]

	



Caldas, P.G.; Silva, E.M.; Prioli, R.; Huang, J.Y.; Juday, R.; Fischer, A.M.; Ponce, F.A. Plasticity and optical properties of GaN under highly localized nanoindentation stress fields. J. Appl. Phys. 2017, 121, 125105. [Google Scholar] [CrossRef]

	



Chiu, Y.J.; Jian, S.R.; Liu, T.J.; Le, P.H.; Juang, J.Y. Localized deformation and fracture behaviors in InP single crystals by indentation. Micromachines 2018, 9, 611. [Google Scholar] [CrossRef] [PubMed]

	



Bradby, J.E.; Williams, J.S.; Wong-Leung, J.; Swain, M.V.; Munroe, P. Mechanical deformation on InP and GaAs by spherical indentation. Appl. Phys. Lett. 2001, 78, 3235–3237. [Google Scholar] [CrossRef]

	



Jian, S.R. Cathodoluminescence rosettes in c-plane GaN films under Berkovich nanoindentation. Opt. Mater. 2013, 35, 2707–2709. [Google Scholar] [CrossRef]

	



Grillo, S.E.; Ducarroir, M.; Nadal, M.; Tournié, E.; Faurie, J.P. Nanoindentation of Si, GaP, GaAs and ZnSe single crystals. J. Phys. D Appl. Phys. 2003, 36, L5–L9. [Google Scholar] [CrossRef]

	



Hirth, J.P.; Lothe, J. Theory of Dislocations, 2nd ed.; John Wiley & Sons, Inc.: New York, NY, USA, 1982. [Google Scholar]

	



Li, X.D.; Bhushan, B. A review of nanoindentation continuous stiffness measurement technique and its applications. Mater. Charact. 2002, 48, 11–36. [Google Scholar] [CrossRef]

	



Page, T.F.; Hainsworth, S.V. Procedures for the nanoindentation testing of coated systems. In Proceedings of the International Conference Instrumented Indentation, San Diego, CA, USA, 22–23 April 1995; Smith, D.T., Ed.; Special Publication of the national Institute of Standards & Technology: Gaitherburg, MD, USA, 1995. [Google Scholar]

	



Chen, J.; Bull, S.J. Relation between the ratio of elastic work to the total work of indentation and the ratio of hardness to Young’s modulus for a perfect conical tip. J. Mater. Res. 2009, 24, 590–598. [Google Scholar] [CrossRef]

	



Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic-modulus using load and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [Google Scholar] [CrossRef]

	



Sneddon, I.N. The relation between load and penetration in the axisymmetric Boussinseq problem for a punch of arbitrary profile. Int. J. Eng. Sci. 1965, 3, 47–57. [Google Scholar] [CrossRef]

	



Adachi, S. Properties of Semiconductor Alloys: Group-IV, III-V and II-VI Semiconductors; John Wiley and Sons Ltd.: Chichester, UK, 2009. [Google Scholar]

	



Jian, S.R.; Tseng, Y.C. Nanomechanical characteristics and deformation behaviors of ZnSe thin films by nanoindentation. Sci. Adv. Mater. 2014, 6, 617–622. [Google Scholar] [CrossRef]

	



Chang, L.; Zhang, L.C. Deformation mechanisms at pop-out in monocrystalline silicon under nanoindentation. Acta Mater. 2009, 57, 2148–2153. [Google Scholar] [CrossRef]

	



Huston, L.Q.; Kiran, M.S.R.N.; Smillie, L.A.; Williams, J.S.; Bradby, J.E. Cold nanoindentation of germanium. Appl. Phys. Lett. 2017, 111, 021901. [Google Scholar] [CrossRef]

	



Fujikane, M.; Setoyama, D.; Nagao, S.; Nowak, R.; Yamanaka, S. Nanoindentation examination of yttria-stabilized zirconia (YSZ) crystal. J. Alloy. Compd. 2007, 431, 250–255. [Google Scholar] [CrossRef]

	



Wang, Q.M.; Ding, Y.; Chen, Q.; Zhao, M. Crystalline orientation dependence of nanomechanical properties of Pb(Zr0.52Ti0.48)O3 thin films. Appl. Phys. Lett. 2005, 86, 162903. [Google Scholar] [CrossRef]

	



Basu, S.; Elshrief, O.A.; Coward, R.; Anasori, B.; Barsoum, M.W. Microscale deformation of (001) and (100) rutile single crystals under spherical nanoindentation. J. Mater. Res. 2012, 27, 53–63. [Google Scholar] [CrossRef]

	



Taylor, C.R.; Malshe, A.P.; Salamo, G.; Prince, R.N.; Riester, L.; Cho, S.O. Characterization of ultra-low-load (mN) nanoindents in GaAs(100) using a cube corner tip. Smart Mater. Struct. 2005, 14, 963–970. [Google Scholar] [CrossRef]

	



Tay, C.J.; Quan, C.; Gopal, M.; Shen, L.; Akkipeddi, R. Nanoindentation techniques in the measurement of mechanical properties of InP-based free-standing MEMS structures. J. Micromech. Microeng. 2008, 18, 025015. [Google Scholar] [CrossRef]

	



Korte, S.; Farrer, I.; Clegg, W.J. Elastic and plastic properties of InxGa1−xAs. J. Phys. D Appl. Phys. 2008, 41, 205406. [Google Scholar] [CrossRef]

	



Li, X.D.; Wang, X.; Xiong, Q.; Eklund, P.C. Mechanical properties of ZnS nanobelts. Nano Lett. 2005, 5, 1982–1986. [Google Scholar] [CrossRef]

	



Kiran, M.S.R.N.; Kshirsagar, S.; Krishna, M.G.; Tewari, S.P. Structural, optical and nanomechanical properties of (111) oriented nanocrystalline ZnTe thin films. Eur. Phys. J. Appl. Phys. 2010, 51, 10502. [Google Scholar] [CrossRef]

	



Onodera, A.; Kawi, N.; Ishizaki, K.; Spain, I.L. Semiconductor-to-metal transition in GaP under high pressure. Solid State Commun. 1974, 14, 803–806. [Google Scholar] [CrossRef]

	



Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1985. [Google Scholar]

	



Yonenaga, I.; Suzuki, T. Indentation hardness of semiconductors and a scaling rule. Philos. Mag. Lett. 2002, 82, 535–542. [Google Scholar] [CrossRef]

	



Chiu, Y.L.; Ngan, A.H.W. Time-dependent characteristics of incipient plasticity in nanoindentation of a Ni3Al single crystal. Acta Mater. 2002, 50, 1599–1611. [Google Scholar] [CrossRef]

	



Leipner, H.S.; Lorenz, D.; Zeckzer, A.; Lei, H.; Grau, P. Nanoindentation pop-in effects in semiconductors. Phys. B Condens. Matter 2001, 308–310, 446–449. [Google Scholar] [CrossRef]

	



Lorenz, D.; Zeckzer, A.; Hilpert, U.; Grau, P.; Johnson, H.; Leipner, H.S. Pop-in effects as homogeneous nucleation of dislocations during nanoindentation. Phys. Rev. B 2003, 67, 172101. [Google Scholar] [CrossRef]

	



Chen, J.; Bull, S.J. Indentation fracture and toughness assessment for thin optical coatings on glass. J. Phys. Appl. Phys. 2007, 40, 5401–5417. [Google Scholar] [CrossRef]

	



Niihara, K.; Morena, R.; Hasselman, D.P.H. Evaluation of KIC of brittle solids by indentation method with crack-to-indent ratios. J. Mater. Sci. Lett. 1982, 1, 13–16. [Google Scholar] [CrossRef]

	



Niihara, K.; Morena, R.; Hasselman, D.P.H. A fracture mechanics analysis of indentation-induced Palmqvist crack in ceramics. J. Mater. Sci. Lett. 1983, 2, 221–223. [Google Scholar] [CrossRef]

	



Harris, D.C. Materials for Infrared Windows and Domes: Properties and Performance; SPIE Optical Engineering Press: Bellingham, WA, USA, 1999. [Google Scholar]

	



Rafiee, M.A.; Rafiee, J.; Srivastava, I.; Wang, Z.; Song, H.; Yu, Z.Z.; Koratkar, N. Fracture and fatigue in graphene nanocomposites. Small 2010, 6, 179–183. [Google Scholar] [CrossRef]








[image: Micromachines 10 00752 g001 550] 





Figure 1. (a) Ten contact stiffness measurements (CSM) load-displacement curves show the “pop-in” events of GaP(100) single-crystal during nanoindentation. Insert: zoom in the range of penetration depth (0–70 nm) and indentation load (0–1.5 mN). (b) AFM image of the nanoindentation. 
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Figure 2. Hardness and Young’s modulus of GaP(100) single-crystal. (a) the hardness and (b) Young’s modulus as a function of penetration depth (100 and 200 nm) from nanoindentation CSM results. 
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Figure 3. Palmqvist cracks obtained from Vickers indentation on GaP(100) single-crystal, where “a” is the half-diagonal of the indentation and “l = (l1 + l2)/4” is the average length of the radial cracks for each indentation under a load of 1.96 N. 
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