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Abstract

:

The use of strained substrates may overcome indium incorporation limits without inducing plastic relaxation in InGaN quantum wells, and this is particularly important for short-period InGaN/GaN superlattices. By incorporating elastic strain into these heterostructures, their optoelectronic behavior is modified. Our study employed density functional theory calculations to investigate the variation in the band-gap energy of short-period InGaN/GaN superlattices that comprise pseudomorphic quantum wells with a thickness of just one monolayer. Heterostructures with equibiaxially strained GaN barriers were compared with respective ones with relaxed barriers. The findings reveal a reduction of the band gap for lower indium contents, which is attributed to the influence of the highly strained nitrogen sublattice. However, above mid-range indium compositions, the situation is reversed, and the band gap increases with the indium content. This phenomenon is attributed to the reduction of the compressive strain in the quantum wells caused by the tensile strain of the barriers. Our study also considered local indium clustering induced by phase separation as another possible modifier of the band gap. However, unlike the substrate-controlled strain, this was not found to exert a significant influence on the band gap. Overall, this study provides important insights into the behavior of the band-gap energy of strained superlattices toward optimizing the performance of optoelectronic devices based on InGaN/GaN heterostructures.
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1. Introduction


Ultra-thin InxGa1−xN/GaN quantum wells have concentrated significant interest for use in band-gap engineering [1,2,3,4,5]. Such quantum wells can, in principle, accommodate a high indium content while remaining pseudomorphic. In addition, the extremely small quantum well thickness would minimize the quantum-confined Stark effect [6]. Multi-quantum wells can be employed to compose short-period superlattices and even form digital alloys with unique properties [3]. Moreover, theoretical calculations suggest that such superlattices can exhibit topological insulator behavior as indicated by a high electron gas mobility observed experimentally [7,8,9].



Ultra-thin (0001)-oriented InxGa1−xN/GaN quantum wells with thicknesses from one up to two monolayers (whereby one monolayer is one (0002) lattice plane of the wurtzite crystal structure and comprises both metal and nitrogen atoms—see Figure 1a) have been deposited by plasma-assisted molecular beam epitaxy by combining excessively high indium fluxes with growth temperatures exceeding the decomposition temperature of InN [10,11]. However, the experimentally achieved indium content has been lower than the intended x = 100% (i.e., binary InN) [12,13,14,15]. A model comprising InN islands was suggested, which could attribute this lower indium content to an averaging effect, as it was claimed that InN is stabilized by a host-matrix strengthening effect [16]. This stabilization was attributed to the nitrogen atoms directly below the indium atoms being strongly bonded to gallium atoms (0.39 eV/bond difference in cohesive energies between Ga–N and In–N bonds). By considering the growth of an InN monolayer on the (0001) GaN surface, the nitrogen atoms of the monolayer share three bonds with indium atoms and one bond with a gallium atom. In contrast, nitrogen atoms in InN form four bonds with indium atoms. Hence, the InN monolayer is more strongly bound to the GaN surface and more stable at higher temperatures in comparison with it being inside an InN epilayer. However, we have shown that this effect cannot stabilize the deposition of a binary InN layer [17]. For deposition under effective N-rich conditions, it was shown that an ordered quantum well structure of just x = 25% can be stabilized [18]. For metal-rich conditions, we have suggested a growth model based on experimental observations whereby, above the InN decomposition temperature, a single InxGa1−xN monolayer is stabilized through a substitutional synthesis mechanism involving the exchange between In and Ga atoms [17]. Using this mechanism, we have achieved an indium content of x = ~45%, which is the highest reported so far.



Reducing the lattice misfit between quantum well and barriers is a critical factor for increasing the indium content without plastic relaxation [19,20,21,22]. It has been shown that an increase in the GaN lattice parameter by 2% can induce up to a threefold increase in indium incorporation in InxGa1−xN quantum wells [23]. Efforts are, therefore, underway to reduce the misfit. However, for the efficient deployment of this approach, a theoretical understanding of the dependence of the superlattice’s band-gap energy on the strain that is imposed on the heterostructure is required. Another issue pertains to the influence on the band gap of a possible compositional inhomogeneity of the InxGa1−xN quantum wells due to local phase separation into InN and GaN [24]. This relates to the suggestion regarding an inhomogeneous distribution of the indium content [16]. Toward these aims, we have performed density functional theory (DFT) calculations of monolayer-thick InxGa1−xN quantum wells on strained barriers, as well as calculations of phase-separated monolayer-thick quantum wells. We have thus obtained the band-gap variation across the compositional range up to x = 100% indium content and correlated this with the strain state of the short-period superlattices. The results provide an understanding of the compositional range for which the deployment of strained barriers is effective in reducing the band gap of the superlattice and elucidate the influence of clustering.




2. Computational Method and Details


The energetic and structural characteristics of the short-period superlattices were investigated using the Quantum Espresso ab initio package [25,26] employing exchange correlation energy functionals with local density approximation with modified pseudopotentials (MPP-LDA) [27]. This method comprises the estimation of both the structural and electronic properties (energy gaps and densities of states—DOS) with good agreement to their experimental values. The calculations were made with the Broyden–Fletcher–Goldfarb–Shanno minimization algorithm [28], and cutoffs were set at Ec = 140 Ry for the kinetic energy of plane waves and rc = 560 Ry for the charge density. The following convergence criteria were used: δE < 10−10 Ry for energy, δF < 10−10 Ry/Bohr for forces, and δσ < 10−10 kbar for stress.



Preliminary DFT calculations were first performed on the supercells of bulk InxGa1−xN alloys of various compositions. Calculated equilibrium lattice parameters were compliant to Vegard’s law, while the band-gap bowing parameter was determined at b = 1.18 ± 0.09 eV, in good agreement with theoretical and experimental reports [29,30] (see supplementary material, Figures S1 and S2). Moreover, DFT calculations were performed to generate the band structure of strain-free and strained GaN and InN with the wurtzite crystal structure. A biaxial stress state (tetragonal distortion) was applied with imposed equibiaxial in-plane strain of up to ±5% (tensile for GaN and compressive for InN). In both cases, a reduction of the band gap due to the strain was observed. The determined band gaps and band structures were consistent with the literature [31,32]. In GaN, the band-gap energy reduced from 3.28 eV for relaxed to 2.65 eV for +5% strain. In InN, the band gap changed from 0.85 for relaxed to 0.69 eV for −5% strain.



Initially, we performed anisotropic elasticity calculations using Fischer’s model [33] to determine the critical thickness of (0001)-oriented wurtzite GaN and found that it reduces to less than 10 monolayers if the strain on the basal plane exceeds 4% (see supplementary material, Figure S3a). Therefore, our (0001) superlattice supercells were constructed by taking GaN barriers strained by less than 4%, i.e., 0% (no strain), 1.5%, and 3%, and by choosing a GaN barrier thickness of seven monolayers. Hence, the employed superlattice periodicity in our calculations was 1InxGa1−xN/7GaN for all cases. To ensure the generality of our results, we also verified that the band gap of the superlattice heterostructure remains constant if the GaN barrier thickness is greater than seven monolayers, i.e., for elastically strained 1InxGa1−xN/nGaN heterostructures with n ≥ 7. This is illustrated in supplementary material Figure S3b and is consistent with the results of Ref. [34].



The employed methodological approach of this work is illustrated in the block diagram of Figure 2. Following the aforementioned preliminary calculations, we considered the influences of GaN barrier strain and indium clustering. The outputs of the DFT analysis were the DOS, band-gap energies, strain, and formation energies. Band structure analysis was not in the scope of this work. Using the extracted results, we correlated the indium composition with the excess energy of the supercells and with the change in the band-gap energy relative to the unstrained (0%) supercells. Calculations were performed across the whole compositional range.
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Figure 1. (a) Cross-sectional schematic illustration of InN quantum well with one monolayer thickness in (0001)-oriented GaN barriers (projection along   [ 11   2  −  0 ]  ). The monolayer can be bA or aB. The material is shown with metal polarity consistent with experimental growths. (b) Plan-view illustrations of ordered and clustered configurations of (0002) InxGa1−xN monolayers, for structures up to indium content of x = 50%. Higher compositions of 67% and 75% can be obtained from the respective 33% and 25% ones by the interchange of indium with gallium atoms. 
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3. Results and Discussion


Using the aforementioned superlattice periodicity, our calculations first considered quantum wells with ordered distributions of indium atoms. Such quantum wells had indium contents spanning the whole compositional range from x = 0 to 100% (binary InN). The employed ordered configurations of 25%, 33%, 50%, 67%, and 75% are illustrated in Figure 1b. In addition to the ordered indium configurations, we also considered quantum wells that were phase-separated into InN and GaN clusters. Such quantum well heterostructures were calculated in order to appreciate the influence of clustering on the band gap. Previous calculations have shown that indium clustering can impose a small band-gap reduction [1,35]. The employed configurations are also given in Figure 1b. Clustering can, of course, be realized in different ways by varying the supercell geometry or period. We considered clustering of the minority cations on a corner or side of the InGaN monolayer. An additional constraint was the need to maintain a periodic supercell. We kept the same size of the supercells between uniform and clustered cases except for the 25% and 75% cases where the ordered supercells were too small, containing just one minority cation, and hence the size had to be increased for the clustered cases. These calculations of phase-separated InxGa1−xN quantum wells were performed only for relaxed GaN barriers.



Following supercell construction, the densities of states were calculated for all the configurations. Figure 3a–c illustrate partial DOS diagrams for bulk GaN and for short-period superlattices comprising quantum wells with 50% and 100% indium content. The partial DOS diagrams are illustrated for the in-plane strains of 0% and 3% and for each chemical element separately. Figure 3d–f show the respective total DOS diagrams. For GaN, Figure 3a,d demonstrate the reduction of the band gap due to the strain. This is manifested by the relative displacements between the DOS plots for relaxed and strained GaN. This reduction is more pronounced for the case of the nitrogen sublattice. However, as seen in Figure 3d–f, this strain-induced band-gap reduction gradually diminishes with increasing indium content. For higher indium contents, such as for InN quantum wells, there is even a reversal, i.e., the band gap appears to increase back up.



Figure 4a summarizes the band-gap variation of the short-period superlattice heterostructures with increasing indium content. It is seen that, for low indium contents, the band-gap energy reduction is larger for the higher strains. In Figure 4a, the vertical line indicates the highest indium content experimentally reported so far, which has been achieved for one-monolayer quantum wells deposited on relaxed GaN [17]. For quantum wells with indium contents in this compositional range, it can be seen that the strain has a rather minor influence on the band gap. In fact, there is a crossover point in the range of x = 50–70%, after which the strain increases the band gap of the superlattice instead of reducing it.



If we compare this trend with that of the bulk GaN and InN binaries under a similar strain state, we find an analogy as shown in the inset of Figure 4a. When a tensile biaxial stress state is imposed on GaN, its band gap is reduced, and this is shown in the inset of Figure 4a for 1.5% and 3% in-plane strain. Regarding InN, the inset of Figure 4a shows its band-gap variation when it is compressively strained to match the in-plane lattice constant of GaN. For InN pseudomorphic on relaxed GaN (−9.5% in-plane strain), its band gap is also reduced since both the compressive and tensile strain tend to reduce the band gap. However, if InN is pseudomorphic to tensily strained GaN, then the compressive strain of InN is reduced compared with the previous case to −8.2% for +1.5% strained GaN and to −6.8% for +3% strained GaN. As a result, the band gap of InN on strained GaN increases back up.



This reversal is better illustrated in Figure 4b, which shows that, for the superlattice heterostructures, the change ΔEg of the band-gap energy compared with heterostructures with relaxed GaN barriers becomes positive for higher indium contents. The rate of change is steeper for the 3% strain compared with that for 1.5%. The linear equations are ΔEg(1.5%) =   2.9 ×   10   − 3   x − 0.16   and ΔEg(3%) =   5.9 ×   10   − 3   x − 0.39 .   We observe that ΔEg(3%)/ΔEg(1.5%) ≅ 2, i.e., about equal to the ratio of the strains. Overall, although tensile-strained GaN can aid the incorporation of indium [23], our calculations reveal that this approach toward band-gap reduction is useful only for low indium contents. In fact, such contents, in the range up to x = ~45%, are experimentally also attainable without strained GaN barriers. The regions of negative and positive variations of ΔEg with composition and barrier strain are schematically illustrated in the contour plot in Figure 4c.



Regarding the influence of phase separation leading to InN clustering, our calculations over the whole compositional range show that the phase-separated quantum wells exhibit a behavior that is similar to the respective homogeneous ones and induce only a small reduction in the band gap, as can be seen in Figure 4a. The largest reduction is observed for the 33% indium case, which amounts to 0.04 eV. The small influence is attributed to the small amount of the alloying element in the supercell, as well as to the negligible influence of the clustering in changing the strain of the supercell compared with the ordered or disordered cases, as illustrated in supplementary material Figure S4. Hence, the experimental formation of local InN clusters would not lead to any appreciable change in the band gap. It also would not be easily discernible by high-resolution scanning–transmission electron microscopy (HRSTEM) since in cross-sectional observations the projections of such regions overlap and thereby prevent resolving this issue experimentally.



Following the determination of the band-gap variation, we considered its correlation to the strain distribution in the short-period superlattices. Figure 5a,b illustrate representative distributions of the interplanar d-spacing of (0002) planes for the metal and nitrogen sublattices, respectively. In the case of InxGa1−xN quantum wells, there are, of course, slight variations in the bond lengths depending on whether the quantum well atom is Ga or In, and we define the position of the (0002) atomic plane by the average of atomic positions along [0001]. For each atomic plane, the graphs of Figure 5a,b give the d-spacing with the former plane, i.e., the plane below it along the [0001] direction. The indium-rich quantum well plane is the 6th one in the stacking sequence, as indicated by the arrow in Figure 5. The d-spacing distributions are illustrated for representative InxGa1−xN quantum wells with x = 50% and 100% and for relaxed and 3%-strained GaN barriers. It is straightforward to see that the nitrogen sublattice is much more affected regarding the change in the d-spacing. On the other hand, only one d-spacing is affected for the nitrogen sublattice (i.e., the one illustrated in Figure 5b), compared with two d-spacings (on either side of the monolayer) for the metal sublattice. The reduced relative variations of the d-spacings with respect to those of the GaN barriers are almost identical for quantum wells on strained or relaxed barriers. For the nitrogen sublattice, this is approximately double that of the metal sublattice. As indicated in Figure 5b, the d-spacing above the quantum well is smaller by ~0.06 Å in the case of the superlattice with 3%-strained barriers. On the other hand, the internal parameter u of the wurtzite structure locally increases as shown in Figure 5c. Therefore, this reduction of the d-spacing is attributed to the parameter t = d − u, which is reduced by ~0.08 Å as shown in Figure 5d. This means that the InxGa1−xN monolayer is less strained when deposited on strained GaN, resulting in a smaller band-gap reduction for the whole superlattice heterostructure than what would be expected simply on account of the increase in the quantum well indium content.



For relaxed GaN barriers, theoretically acquired profiles were verified against experimental observations obtained by probe-corrected HRSTEM from InxGa1−xN/GaN superlattices with one-monolayer quantum wells, as detailed elsewhere [17]. Figure 6a illustrates an HRSTEM image of a InxGa1−xN quantum well with composition close to x = 30%. In Figure 6b, the theoretical strain distribution for the given indium content is overlapped on the corresponding experimental profile. The latter was obtained by using the methodology of Voronoi tessellation of the experimental image around the positions of projected atomic columns that were determined by peak finding. This method allows for the measurement of the c-lattice constant, i.e., the strain is defined with respect to the relaxed unit cell constant of GaN. The projected intensity of atomic columns was quantified as Z-contrast using comparison with multislice image simulations under the frozen phonon approximation and was directly interpreted as indium composition. Therefore, both the strain and compositional profiles were experimentally attainable. The lattice strain depicted in Figure 6b is defined as ezz = (c − cGaN)/cGaN, i.e., as the reduced relative variation of the c-lattice constant along [0001]. In this equation, we assign to each atomic plane the c-spacing below it, similar to what was adopted in Figure 5 for the d-spacings. The respective theoretical strain profiles superimposed in Figure 6b correspond to the metal and nitrogen sublattices for x = 33%. Excellent matching is observed between the experimental and theoretical profiles for the metal sublattice. This is normal since the experimental positions of projected atomic columns are more influenced by the metal sublattice due to its much higher atomic number. The maximum values of the lattice strain in both sublattices are almost equal despite the much larger variation of the local d-spacing in the case of the nitrogen sublattice that is depicted in Figure 5b. This is because this local change affects two successive c-lattice constants along [0001]. As shown in Figure 5a,b, the metal and nitrogen sublattices have two and one enlarged d-spacings of (0002) planes, respectively. Since strain is defined on the basis of the deformation of the unit cell, the local increase in a single d-spacing of the nitrogen sublattice is masked due to averaging. In the case of the metal sublattice, the peak value in Figure 6b corresponds to the c-spacing that contains the quantum well. For the nitrogen sublattice, two c-spacings are strongly affected, i.e., that one and the one above it, as shown in Figure 6b.



Since the strain state of the superlattice is rather complex, comprising strains of opposite signs, i.e., tensing the GaN barriers reduces the strain in the quantum wells, we have considered the excess energy of the supercells as an appropriate measure to appreciate its influence on the band gap. The excess energy Eex of each supercell was defined with reference to the respective energies EGaN of the barriers and EInGaN of the quantum wells, as expressed by the equation Eex = Et − EGaN − EInGaN, where Et is the total energy of the supercell. The terms EGaN and EInGaN were obtained from relaxed supercells. We can consider Eex to comprise two contributions: one attributed to the long-range elastic strain and one due to the local interfacial interactions at the quantum wells. Figure 7a shows the variation of Eex with composition, whereby the energy is normalized per atomic column along [0001]. As expected, the energy increases by increasing the indium composition. The local minimum at 33% indium is attributed to its low-energy structure [36]. The excess energies appear rather similar for 0% and 1.5% barrier strain, which should be attributed to the reduction of the compressive strain in the quantum wells when the barriers are strained by 1.5%. We note that, since the period of the superlattice is much larger than the distorted area in the quantum well region, the excess energy does not depend on the superlattice period, i.e., as long as the considered barrier width is greater than this affected region, the aforementioned arguments are valid since the term EGaN incorporates any changes of the period of the superlattice.



In Figure 7b, the change in the band gap ΔΕg compared with superlattices with relaxed barriers is plotted against the respective change in excess energy ΔEex. Clear linear relationships are again observed for both the 1.5% and 3% cases, which is expected since ΔEex was also a linear function of the quantum well composition. The linear behavior of ΔEex indicates that the interfacial contribution is almost constant and independent of the strain (so it cancels out), and ΔEex is mainly influenced by the long-range strain.




4. Conclusions


Using DFT calculations, we have studied, across the whole compositional range, the influence of strained GaN barriers or substrates on the band-gap energies of short-period superlattices comprising InxGa1−xN quantum wells. The use of strained substrates and pseudo-substrates has been suggested in the literature for overcoming the problem of lattice misfit to increase the indium incorporation without defect introduction. Our calculations have shown that superlattices with strained GaN barriers exhibit smaller band gaps compared with those with unstrained ones but only for indium contents up to approximately 50%, since this trend is reversed for higher indium concentrations. This behavior is attributed to the interplay between the tensile in-plane strain in the barriers and the compressive strain in the quantum wells, which mainly affects the nitrogen sublattice. On the other hand, clusters of InN on the quantum well plane do not modify the behavior of the superlattice heterostructure to a significant extent compared with quantum wells with homogeneous structures. We consider that these findings provide physical insight on the influence of strain on band-gap variation and are technologically important toward an appropriate deployment of strained substrates for band-gap engineering in these advanced superlattice heterostructures. Further calculations are needed to appreciate the efficiency of electron–hole recombination in such superlattices.
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Figure 2. Block diagram illustrating the adopted methodological approach for studying influences of strain and clustering, and correlation of the results to the indium content of quantum wells. 
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Figure 3. Partial DOS diagrams for each element (top, colored diagrams) and total ones (bottom diagrams) obtained from relaxed and 3% strained short-period superlattices. (a,d) Binary GaN; (b,e) superlattices with In0.5Ga0.5N quantum wells; and (c,f) superlattices with InN quantum wells. 
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Figure 4. (a) Diagram of band-gap energy of short-period superlattice with respect to the indium content of its quantum wells. Vertical gray line indicates the highest indium content experimentally achieved so far. PS indicates heterostructures with phase-separated quantum wells. Inset illustrates band gaps of bulk GaN, relaxed and equibiaxially strained on the basal plane, and of bulk InN when pseudomorphic to relaxed or strained GaN. (b) Diagram of band-gap energy change ΔEg with respect to relaxed GaN plotted against indium content. Change from negative to positive values is observed after 50–70% indium content. (c) Contour plot showing variation of ΔEg depending on composition of quantum well and strain in the barrier. 
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Figure 5. (a,b) Profiles along [0001] of d-spacing of metal and nitrogen (0002) planes for 1-monolayer InxGa1−xN quantum wells, respectively. Cases with relaxed and 3%-strained GaN barriers are given. The arrow indicates the position of monolayer quantum well. (c,d) Graphs with respect to composition of local internal parameter u of wurtzite structure and parameter   t = d − u  , respectively. Illustrated parameters u and t add up to yield the maximum d-spacing of nitrogen planes of the quantum well as schematically shown in the insets. 






Figure 5. (a,b) Profiles along [0001] of d-spacing of metal and nitrogen (0002) planes for 1-monolayer InxGa1−xN quantum wells, respectively. Cases with relaxed and 3%-strained GaN barriers are given. The arrow indicates the position of monolayer quantum well. (c,d) Graphs with respect to composition of local internal parameter u of wurtzite structure and parameter   t = d − u  , respectively. Illustrated parameters u and t add up to yield the maximum d-spacing of nitrogen planes of the quantum well as schematically shown in the insets.



[image: Crystals 13 00700 g005]







[image: Crystals 13 00700 g006 550] 





Figure 6. (a) HRSTEM image of 1 ML InxGa1−xN/GaN quantum well with indium content close to 30%. (b) Profiles of lattice strain ezz along [0001]. Experimental profile, obtained from (a) by peak finding, is superimposed on calculated profiles for the metal and nitrogen sublattices for x = 33%. 
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Figure 7. (a) Graph of excess energy of studied supercells with respect to quantum well indium content. Trendlines are guides to the eye. (b) Graph of band-gap energy change ΔΕg against the change in excess energy ΔEex, with reference to the superlattices with relaxed GaN barriers. 
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