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Abstract

:

Basal dislocations having a Burgers vector of 1/3<2    1 ¯        1 ¯    0> in zinc oxide (ZnO) with the wurtzite structure are known to strongly affect physical properties in bulk. However, the core structure of the basal dislocation remains unclear. In the present study, ZnO bicrystals with a {2    1 ¯        1 ¯    0}/<01    1 ¯    0> 2° low-angle tilt grain boundary were fabricated by diffusion bonding. The resultant dislocation core structure was observed by using scanning transmission electron microscopy (STEM) at an atomic resolution. It was found that a basal edge dislocation in α-type is dissociated into two partial dislocations on the (0001) plane with a separation distance of 1.5 nm, indicating the glide dissociation. The Burgers vectors of the two partial dislocations were 1/3<1    1 ¯    00> and 1/3<10    1 ¯    0>, and the stacking fault between the two partials on the (0001) plane has a formation energy of 0.14 J/m2. Although the bicrystals have a boundary plane of {2    1 ¯        1 ¯    0}, the boundary basal dislocations do not exhibit dissociation along the boundary plane, but along the (0001) plane perpendicular to the boundary plane. From DFT calculations, the stacking fault on the (0001) plane was found to be much more stable than that on {2    1 ¯        1 ¯    0}. Such an extremely low energy of the (0001) stacking fault can realize transverse dissociation of the basal dislocation of ZnO.
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1. Introduction


The wurtzite structure is a stable crystal structure for binary compound semiconducting materials such as GaN, AlN, CdS, ZnO, and so on. In these materials, ZnO is a representative wide and direct band gap semiconductor and has long been used as a main constituent material of varistors because of its highly nonlinear current–voltage characteristics [1,2,3,4]. In addition, ZnO has received broad interest due to its high electron mobility, high thermal conductivity and large exciton binding energy suitable for a variety of applications [1,2,3]. Although a large number of studies have been performed so far, most of them have aimed to control point defects and grain boundaries, both of which play a critical role in functional properties [1,2,3,4,5,6]. On the other hand, it is likely that atomic structures of dislocations, which dominate mechanical properties and also affect functional properties, have been poorly understood. This situation is also applied to the other wurtzite crystals.



Since the Burgers vector of the 1/3<2    1 ¯        1 ¯    0> dislocation on the (0001) basal plane corresponds to the minimum translation of the wurtzite structure, the <2    1 ¯        1 ¯    0> slip on (0001) can work as an easy slip system in ZnO [7,8]. It is interesting that such a basal dislocation in ZnO brings about localized energy levels within the band-gap, which may influence local optical properties [8]. It is also remarkable that hardness and flow deformation stresses of ZnO can be affected by light exposure [9]. However, atomic structures of basal dislocations in ZnO still remain unclear, as they have not been investigated using scanning transmission electron microscopy (STEM) with an atomic resolution.



There exist four candidates for core structures of the basal edge dislocation in ZnO. This is because in the wurtzite structure the (0001) slip can occur on either of two inequivalent atomic planes [10,11,12,13], which are shown in Figure 1 as “glide type” and “shuffle type”, and moreover, the [0001] and [000    1 ¯    ] directions are not equivalent due to lack of inversion symmetry. In the case of the glide type, the basal edge dislocation will have its slip plane between the narrowly spaced Zn and O planes along [0001]. In this case, a basal dislocation has the potential to dissociate into two partial dislocations according to the Shockley partial reaction [10,13]. On the other hand, the shuffle type dislocation has its slip plane between the widely spaced Zn and O planes, where the basal dislocation cannot dissociate into partials because of the absence of stable stacking faults resulting from the crystal structure. Thus, two candidates of core structures are present due to their slip planes. Additionally, since there is no symmetry along [0001], two kinds of cores can be formed for both of the glide and shuffle type dislocations depending on whether an extra half plane of the dislocations is inserted toward [0001] or [000    1 ¯    ] [13]. Although there are four candidates, the core structure of the basal edge dislocation has not, thus far, been experimentally characterized. Thus, it is of great importance to reveal a core structure of the basal edge dislocation for understanding an effect of dislocations on material properties in ZnO.



In the present study, therefore, we focus on the core structure of the basal edge dislocation in wurtzite ZnO. Bicrystal experiments with artificial fabrication of a low-angle grain boundary are performed. The bicrystal experiment has proven to be an efficient method for evaluating atomic structures and properties of dislocations [14,15,16,17]. This is because a low-angle tilt grain boundary consists of periodically arranged edge dislocations, which have a Burgers vector perpendicular to the boundary plane. Accordingly, by fabricating a bicrystal with a controlled crystallographic relationship, periodical dislocations with a desirable Burgers vector can be produced at the boundary. A ZnO bicrystal with a {2    1 ¯        1 ¯    0}/<01    1 ¯    0> low-angle tilt grain boundary was fabricated by diffusion bonding of two single crystals. In this case, basal edge dislocations that have a Burgers vector of 1/3<2    1 ¯        1 ¯    0> should be periodically formed at the boundary. Resultant dislocation structures were characterized by transmission electron microscopy (TEM) and STEM. Moreover, formation energies of stacking faults in ZnO were evaluated by density functional theory (DFT) calculations to understand the origin of the observed atomic structure of the basal edge dislocation.




2. Experimental Procedure


Wurtzite ZnO single crystals grown by the hydrothermal synthesis were used to fabricate a bicrystal with a {2    1 ¯        1 ¯    0}/<01    1 ¯    0> low-angle tilt grain boundary. Figure 2a shows schematic illustrations of two pieces of the single-crystal plates used for fabricating the bicrystal. Each single crystal plate was inclined at +1° or −1° from the (2    1 ¯        1 ¯    0) plane around the common [01    1 ¯    0] axis. The size of the plates was set as 10 × 5 × 1 mm3, and their surfaces were polished by a diamond slurry and a colloidal silica to achieve a mirror finish. The two single-crystal plates were then joined by diffusion bonding at 1120 °C in air for 10 h under a uniaxial load of 25 N. Owing to the 1° inclination of the crystallographic orientation of the individual grains, the tilt misorientation angle of 2° was introduced at the bonding interface. As a result, a ZnO bicrystal with a {2    1 ¯        1 ¯    0}/<01    1 ¯    0> 2° tilt grain boundary was fabricated as shown in Figure 2b. Here, the relation between the spacing between periodic basal dislocations d and the misorientation angle   θ   in a low-angle tilt grain boundary is given by the equation of   θ   = b/d, where b is the magnitude of the edge component of the Burgers vector of boundary dislocations, according to the Frank’s formula [18]. Figure 2c shows the d, b and   θ   at the boundary. Therefore, if   θ   = 2° and b = 0.325 nm (|1/3<2    1 ¯        1 ¯    0>|) [1] are substituted in the above equation, the spacing d is obtained as 9.3 nm.



Since ZnO has a polar crystal structure along the [0001] direction according to the wurtzite structure, the crystal lattice structure along [0001] differs from the one along the opposite direction of [000    1 ¯    ]. It should be mentioned that the [0001] directions in the fabricated bicrystals were set up to face into the bonding interface as shown in Figure 2a. In this case, an extra half plane of dislocations introduced at the boundary is inserted toward [000    1 ¯    ] when viewed from the dislocation cores. This type of dislocation is called “α-dislocation”, while the other type of dislocation with the extra half plane toward [0001] is called “β-dislocation” [13]. There is a difference between α-dislocation and β-dislocation in terms of atomic species at the edge of extra half plane; Zn or O.



The grain boundary of bicrystals thus fabricated was observed by TEM and STEM. Specimens for the observations were prepared using a standard technique involving mechanical grinding to a thickness of 60 μm, dimpling to a thickness of about 30 μm and ion beam milling to electron transparency. Observations were conducted by a conventional TEM (Hitachi H-800, 200 kV, Japan) and an atomic resolution STEM (JEOL JEM-ARM200F, 200 kV, Japan).




3. DFT Calculations


Stacking fault energies in ZnO were calculated using DFT calculations based on the projector augmented wave (PAW) method as implemented in VASP code [19,20]. In the PAW potentials, Zn 3d4s and O 2s2p electrons were treated as valence electrons. The generalized gradient approximation (GGA) parameterized by Perdew, Burke and Ernzerhof was used for the exchange-correlation term [21]. To correct for the on-site Coulomb interaction of the 3d orbitals of Zn atoms, the rotationally invariant +U method [22] was applied with U = 8 eV [23]. Wavefunctions were expanded by plane waves with a cut-off energy of 600 eV.



Since the glide type dislocation dissociates into two partial dislocations according to the Shockley reaction of 1/3<2    1 ¯        1 ¯    0> → 1/3<10    1 ¯    0> + 1/3<1    1 ¯    00>, the sheared structure along <10    1 ¯    0> should be considered for the stacking faults on (0001). Here, the (0001) atomic layers consist of like ions, and accordingly, each (0001) plane becomes a polar plane. Moreover, the <10    1 ¯    0> direction does not have mirror symmetry. In order to calculate stacking fault energies on (0001), therefore, 72-atom supercells containing three slabs with twelve {0001} atomic layers each were employed. In this case, no vacuum layer was involved in the supercells, because the polar surfaces of the atomic slabs may induce spurious electric-dipole interactions normal to the slab surfaces. It is noted that, when three slabs are relatively displaced by a same amount toward three different <10    1 ¯    0> directions, three stacking faults then produced in the supercells are equivalent to one another [24,25]. Brillion zone integration was performed with an 8 × 8 × 1 k-point mesh for the stacking faults on (0001). In contrast, supercells containing two atomic slabs with a vacuum layer of 1.6 nm were employed to calculate stacking fault energies on (2    1 ¯        1 ¯    0) as the (2    1 ¯        1 ¯    0) planes are not polar. In this case, the supercell for the stacking fault on (2    1 ¯        1 ¯    0) contains 40 atoms (corresponding to 10 atomic layers) and a stacking fault. Brillion zone integration was performed with a 6 × 6 × 1 k-point mesh for the stacking faults on (2    1 ¯        1 ¯    0). Structure optimizations for all the calculations were conducted until residual forces of atoms reached to less than 0.01 eV/Å.




4. Results and Discussion


Figure 3 shows a typical bright field TEM image of the (2    1 ¯        1 ¯    0)/[01    1 ¯    0] 2° tilt grain boundary taken along [01    1 ¯    0]. As can be seen from the image, the dot-like contrasts were distinctly observed at the boundary, which should be caused by boundary dislocations. A spacing between the contrasts was estimated to be about 9 nm, which is in good agreement with the expected spacing between dislocations of b = 1/3[2    1 ¯        1 ¯    0] at the boundary (9.3 nm, see Section 2). Diffraction spots originating from both of the two grains around the boundary were separated from each other by approximately 2°, which coincides with the designed tilt angle. Thus, the (2    1 ¯        1 ¯    0)/[01    1 ¯    0] 2° tilt grain boundary was successfully fabricated, and it was suggested that 1/3[2    1 ¯        1 ¯    0] basal dislocations were periodically introduced at the boundary.



Figure 4a shows a typical high-angle annular dark field (HAADF) STEM image taken from one of the dislocations at the grain boundary. In this image, the bright spots correspond to Zn columns. It can be seen that two lattice discontinuities clearly appear in the Burgers circuits on the image. This means that a dislocation dissociates into two partial dislocations. Here, the spacings of the bright points on the HAADF-STEM image correspond to the magnitude of 1/2[0001] along [0001] and the magnitude of 1/6[2    1 ¯        1 ¯    0] along [2    1 ¯        1 ¯    0]. Accordingly, the Burgers circuits on the image show that the each partial dislocation has the same edge component of 1/6[2    1 ¯        1 ¯    0], and thus the total edge component is 1/3[2    1 ¯        1 ¯    0]. It was confirmed that the periodic dislocations in Figure 3 are characterized as basal dislocations represented by the same Burgers circuits in Figure 4a. Figure 4b shows an inverse Fast-Fourier-Transformed (FFT) image reconstructed from a mask-applied FFT image of the area shown in Figure 4a. The separation distance between the two partial dislocations is 1.5 nm along [2    1 ¯        1 ¯    0], while the two seem to be adjacently located along [0001]. It can thus be said that the basal edge dislocation with b = 1/3[2    1 ¯        1 ¯    0] dissociates into two partial dislocations with the edge component of 1/6[2    1 ¯        1 ¯    0] along (0001). Such a feature of the basal dislocation dissociating into two partials ensures that the basal dislocations at the fabricated boundary have the core structure of the glide-type dislocation. In this case, each partial dislocation should have the Burgers vector of b1 = 1/3[10    1 ¯    0] or b2 = 1/3[1    1 ¯    00], according to the Shockley partial reaction of the glide type basal dislocation. In fact, the edge component of 1/6[2    1 ¯        1 ¯    0] corresponds to the projection vector of the partial dislocations with b1 and b2 onto the (01    1 ¯    0) plane. This also supports that the basal dislocations dissociate into two partials according to the Shockley partial reaction.



When a dislocation dissociates into two partial dislocations, a stacking fault is formed between the partials. In the present case, the stacking fault is formed along the (0001) plane perpendicularly to the (2    1 ¯        1 ¯    0) boundary plane. The fault vector of the stacking fault corresponds to the Burgers vector of the partial dislocation of 1/3[10    1 ¯    0] (or 1/3[1    1 ¯    00]). Here, the separation distance between partials is determined by a balance of the two forces acting in the dissociated dislocation, that is, the repulsive elastic force between partial dislocations and the attractive force due to the stacking fault energy. According to the Peach-Koehler equation [10], the balance in the present dissociated basal dislocation can be expressed by the following equation,


   γ   =       μ b  p    2  ( 2 + ν )   8 π r   ( 1 − ν )     



(1)




where   γ   is the stacking fault energy,   μ   is the shear modulus (44.3 GPa [26]),   ν   is the Poisson’ ratio (0.3177 [26]),     b p     is the magnitude of Burgers vectors of the partial dislocations and r is the separation distance. See Supplementary Materials for the derivation of Equation (1). By substituting 1.5 nm for r in Equation (1), the formation energy of the (0001) stacking fault with the fault vector of 1/3[10    1 ¯    0] was estimated to be about 0.14 J/m2. It should be mentioned that the equation is based on a conventional elastic theory for an isotropic elastic medium. Accordingly, the estimation may slightly lose accuracy due to the anisotropic elasticity of ZnO. Here, the ratio of c44 to (c11–c12)/2 in ZnO was calculated to be 0.96 according to the elastic constants in the former report [26]. Since the value is close to 1, ZnO seemingly exhibits almost isotropic elasticity.



Figure 5a,b shows schematic illustrations of a dissociated dislocation and dissociated dislocations array at the boundary, respectively. The stacking sequence of the (2    1 ¯        1 ¯    0) plane along [2    1 ¯        1 ¯    0] in ZnO corresponds to ABAB…, as shown in (a). Figure 5b explains the periodic formation of dissociated basal dislocations and stacking faults between the two partial dislocations. In general, dislocations at symmetrical tilt grain boundaries tend to dissociate on the boundary plane [16,17] as shown in Figure 5c. This is believed to be due to the fact that total elastic energy derived from dislocations array is minimized when the dislocations are located in such a linear arrangement according to the elastic theory [10]. Accordingly, it is noteworthy that the dislocations dissociated perpendicular to the boundary plane as shown in Figure 5b. Here, a lower stacking fault energy makes a longer separation distance at a dissociated dislocation according to the Peach-Koehler equation [10]. In addition, two partial dislocations with a longer separation distance do not suffer excess elastic energies so much as those with a shorter separation distance since their excess elastic energies are accommodated with increasing separation distance. It is thus suggested that stacking fault energy in ZnO should be relatively lower on the (0001) basal plane than the (2    1 ¯        1 ¯    0) boundary plane, resulting in the dissociation on (0001).



In order to confirm such a difference in stacking fault energy, DFT calculations were made for stacking faults on different planes of (0001) and (2    1 ¯        1 ¯    0). Figure 6a,b shows a schematic of the [10    1 ¯    0] vector on the (0001) plane and the energy curve of the stacking faults along [10    1 ¯    0] on the (0001) plane in ZnO. The u/|bm| is employed as the horizontal axis in the energy curve, where bm is [10    1 ¯    0] and u is the displacement. The energies gradually increase up to the local maximum at u/|bm| = 1/6 and inversely decrease to the local minimum at u/|bm| = 1/3. Then, they again rapidly increase up to u/|bm| = 2/3 and inversely decrease to the initial state at u/|bm| = 1. The value at the local minimum of u/|bm| = 1/3 represents the energy of the stacking fault formed with the 1/3[10    1 ¯    0] partial dislocation, which is the Shockley partial of the glide type basal dislocation. It can be said that it is energetically favorable for a glide-type basal dislocation to dissociate into two Shockley partials along (0001).



Figure 7a,b shows the perfect crystal structure and the relaxed atomic structure of the stacking fault at u/|bm| = 1/3. It was found that the relaxed stacking fault structure in Figure 7b is very close to the rigidly sheared atomic structure and individual atoms did not shift distinctly from the original positions before structure optimization. This also ensures the rather low energy of the stacking fault. The calculated stacking fault energy of 73 mJ/m2 is in good agreement with that of 56 mJ/m2 in the previous study [27]. It should be mentioned that the calculated value of the stacking fault energy at u/|bm| = 1/3 are 67 mJ/m2 lower than the experimental value of 0.14 J/m2, which was estimated from the separation distance between partial dislocations. Although the difference between the theoretical and experimental stacking fault energies is not distinct in terms of the absolute value, such a difference was also reported in Al2O3 [28,29]. This difference may be brought about by temperature-dependent effects such as vibrational entropy.



Figure 8a,b shows a schematic of the [0001] and [01    1 ¯    0] vectors on (2    1 ¯        1 ¯    0) and stacking fault energies on (2    1 ¯        1 ¯    0) as functions of u/|bm’| and u/|bc|, where bm’ = [01    1 ¯    0] and bc = [0001], respectively. It should be noticed that the stacking faults on (2    1 ¯        1 ¯    0) take the minimum energy of 0.40 J/m2 at the center of the energy map in (b), where the fault vector is 1/2[01    1 ¯    1]. Here, the 1/2[01    1 ¯    1] dislocations cannot be induced by dissociation of a basal dislocation because the size of 1/2[01    1 ¯    1] is larger than that of 1/3<2    1 ¯        1 ¯    0>. In addition, the stacking fault on (2    1 ¯        1 ¯    0) with the fault vector of 1/3[10    1 ¯    0] due to the Shockley partial reaction has an energy of over 2.4 J/m2, as shown in Figure 8c. Such a stacking fault energy is close to twice the (2    1 ¯        1 ¯    0) surface energy (about 2.7 J/m2). Moreover, the value of 2.4 J/m2 is about 33 times higher than the stacking fault energy on (0001), which was estimated to be 73 mJ/m2 in the present calculation. These indicate that such a stacking fault cannot be stably formed on the (2    1 ¯        1 ¯    0) plane, and thus the basal dislocation does not show the Shockley partial reaction along the (2    1 ¯        1 ¯    0) boundary plane. Instead, the basal dislocation can be dissociated into two partials with the rather stable stacking fault on the (0001) plane, as observed experimentally.




5. Conclusions


The (2    1 ¯        1 ¯    0)/[01    1 ¯    0] 2° tilt grain boundary in wurtzite ZnO was observed by using atomic-resolution STEM in order to investigate the core structure of the 1/3<2    1 ¯        1 ¯    0> basal edge dislocation in α-type. It was found that the basal edge dislocation in ZnO dissociates into two partial dislocations along (0001) with a separation distance of 1.5 nm. This indicates that the basal edge dislocation in ZnO has a core structure of the glide-type dislocation, where the Burgers vector of the two partial dislocations should be 1/3<10    1 ¯    0> and 1/3<1    1 ¯    00>. Applying the separation distance of 1.5 nm to the equation based on an elastic theory, the stacking fault energy on (0001) was experimentally estimated to be 0.14 J/m2. Although the bicrystals have the {2    1 ¯        1 ¯    0} boundary plane, the basal dislocations do not exhibit dissociation along the boundary plane but dissociate along the (0001) basal plane perpendicular to the boundary plane. From DFT calculations, the stacking fault on the (0001) plane was found to be much more stable than that on {2    1 ¯        1 ¯    0}. It is suggested that such an extremely low energy of the (0001) stacking fault causes dissociation of the basal dislocation on the (0001) plane.








Supplementary Materials


Supplementary texts and figures on the derivation of the Equation (1) and the initial and relaxed structures of supercells for the DFT calculations are available online at http://www.mdpi.com/2073-4352/8/3/127/s1.
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Figure 1. Schematic illustration showing the crystal structure of ZnO with the wurtzite structure. The arrangement of ions along [2    1 ¯        1 ¯    0] and [0001] are represented in (a,b), respectively. Large red circles correspond to oxygen ions while small gray circles do zinc ions. Locations of slip planes for glide type and shuffle type dislocations are indicated in (a) by dotted lines. 
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Figure 2. Schematics and optical micrograph of the fabricated ZnO bicrystal with a (2    1 ¯        1 ¯    0)/[01    1 ¯    0] 2° tilt grain boundary. (a) Schematic illustration showing the crystallographic orientations of two pieces of used ZnO single-crystal plates. (b) A fabricated ZnO bicrystal. (c) Schematic illustration showing periodic dislocations at the boundary. 
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Figure 3. A typical bright field TEM image of the (2    1 ¯        1 ¯    0)/[01    1 ¯    0] 2° tilt grain boundary taken along [01    1 ¯    0]. A corresponding selected-area diffraction pattern is inset right above. 
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Figure 4. (a) A typical HAADF-STEM image taken from one of the contrasts on the image of Figure 3. Burgers circuit for a basal edge dislocation is drawn by red color line while Burgers circuits for two partial dislocations are drawn by white color lines. (b) The inverse Fast-Fourier-Transformed (FFT) image reconstructed from a mask-applied FFT image of (a). Yellow circles indicate the positions of cores of partial dislocations. 
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Figure 5. (a) Schematic illustration showing the observed structure of a dissociated basal dislocation. (b) Schematic illustration showing an array of the dissociated basal dislocations at the boundary. (c) Schematic illustration of usual structure of boundary dislocations, where dislocations dissociate on the boundary plane. 
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Figure 6. (a) Schematic illustration showing the [10    1 ¯    0] vector on (0001). (b) Stacking fault energies along [10    1 ¯    0] on (0001) in ZnO. It can be seen that the energy indicates the local minimum at the displacement of 1/3[10    1 ¯    0]. 
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Figure 7. Schematic illustrations showing atomic structure of a stacking fault on (0001). (a) Perfect structure of ZnO along [    1 ¯    2    1 ¯    0]. (b) A relaxed stacking fault structure with the fault vector of 1/3[10    1 ¯    0] after structure optimization. 
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Figure 8. (a) Schematic illustration showing the [0001] and [01    1 ¯    0] vectors on (2    1 ¯        1 ¯    0). (b) A map of stacking fault energies on (2    1 ¯        1 ¯    0) in ZnO. This map indicates the minimum value of 0.40 J/m2 at the center, where the fault vector is 1/2[01    1 ¯    1]. (c) Stacking fault energies along [01    1 ¯    0] on (2    1 ¯        1 ¯    0) in ZnO, where the fault vector does not have the component along [0001]. Here, the (2    1 ¯        1 ¯    0) stacking fault with the 2/3[01    1 ¯    0] fault vector indicated by the green arrow in (c) is the same as that with the 1/3[0    1 ¯    10] fault vector. In addition, owing to the symmetry of the wurtzite crystal structure, the (2    1 ¯        1 ¯    0) stacking fault with the 1/3[0    1 ¯    10] fault vector is equivalent to the (2    1 ¯        1 ¯    0) stacking fault with the 1/3[10    1 ¯    0] fault vector, which corresponds to a Burgers vector of the Shockley partials in ZnO. Eventually, the energy of the stacking fault with the 2/3[01    1 ¯    0] fault vector in (c) represents the energy of a stacking fault structure that would arise by the hypothetical Shockley dissociation on (2    1 ¯        1 ¯    0). 
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