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Abstract

:

Using a combination of first principles and semiempirical calculation, we explore the structural, electronic, and optical properties of a wide range of perovskite (  A B  X 3   ) nanoparticle of different size and composition. The variations of the   B  X 3    backbone structure considered include all possible combinations of the cations   B = P b , S n   and the anions   X = C l , B r , I  , while the interstitial cation A is either methylamonium (MA), or formamidinium (FA), or guanidine amine (GA), or dimethylamine (DEA). Our results indicate that the orientational disorder of the A moieties may affect the structural and electronic properties of the NPs while the optical properties exhibit a clear dependence on the NPs’ size and the types of B cations and X anions, but they are quite insensitive to the type of A cation.
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1. Introduction


Perovskites is a well-known and widely studied family of materials with a variety of applications in everyday life. The early perovskite materials had the general structure of   A B  O 3   . A had to be a cation of +2 valence and B a cation of +4 valence in order to achieve charge neutrality [1]. It seems that in nature the chemical formula   A B  X 3    is pretty stable and thus several materials crystallizing in this structure have been identified. Of particular interest are the ones where X is a halogen atom (Cl, Br or I) instead of oxygen which are widely known as halide perovskites [2,3,4]. In order to achieve charge neutrality in the case of halide perovskites, A has to be a monovalent cation and B a divalent cation. In the case where A is an organic molecule, the resulting materials are known as hybrid or organometallic halide perovskites [5]. The prototype material in the family of hybrid halide perovskites is   M A P b  I 3   , where MA stands for the methylammonium cation   C  H 3  N  H 3 +   . The interest of   M A P b  I 3    stems from its high charge-carrier mobility and its absorption at optical regime [5,6,7,8,9,10,11,12,13,14,15].



Hybrid halide perovskites find a variety of applications in several technological fields like optoelectronics [16], catalysis [17], and photovoltaics [2,3,5]. The most active field for applications is solar cells where   S i   has dominated for the last 60 years [18]. Although   M A P b  I 3    is the material of choice for photovoltaic applications [19,20], there is intense interest in the synthesis of new lead-free halide perovskites for such applications [4]. The interest in these materials for solar cells is so intense that several reviews appear in the literature every year [21,22,23,24,25,26,27].



Although most of the studies refer to bulk hybrid halide perovskites, the development of nanotechnology also increased the interest in nanostructures with a size smaller than 10 nm like quantum dots (QDs), nanoparticles (NPs), nanowires, nanorods, etc. Such nanostructures find applications in devices where quantum-mechanics governs the physical properties like light emitting diodes (LED) [2]. There are several experimental studies on the synthesis and properties of perovskite nanostructures focusing on particular materials like   M A P b B  r 3    and   M A P b  I 3    [2,3,5,6,28,29,30,31,32,33,34,35,36]. In general, in experiments, the perovskite QDs prefer a cuboid structure [34] and, in order for the quantum confinement to be present, their average size has to be of the order of the exciton Bohr radius [35]. The diameter of the QDs in most cases was around 3 nm going down to even 1.8 nm [6,28,29,34,36,37,38,39].



Theoretical studies employing first-principles electronic calculations on the QDs of halide perovskites are scarce [40,41] and focus on a limited number of materials. In Ref. [42], an extended study on the properties of both   C s B  X 3    and   M A B  X 3    QDs in the form of cuboids has been presented where B was a divalent cation (Ge, Sn, Pb, Ca or Sr) and X a halogen atom (Cl, Br or I). In that reference, both stoichiometric and pseudohydrogen passivated non-stoichiometric structures were considered, and it was found that the single particle and optical gaps decreased with the halogen’s atomic number. The surface passivation of the QDs resulted in a red shift of both the valence and conduction band edges as compared to the unpassivated stoichiometric dots for all QDs. Finally, it was shown that the QDs containing Sn or Pb cations exhibited strong transitions which were even more enhanced for the case of pseudohydrogen passivated non-stoichiometric QDs.



In the present work, we present a computational combinatory study of the structural, electronic, and optical properties of   2 × 2 × 2  ,   3 × 3 × 3   and   4 × 4 × 4   cubic-like NPs of the form ABX   3  . The A cation stands for methylamonium (  M A  ), or formamidinium (  F A  ), or guanidine amine (  G A  ), or dimethylamine (  D E A  ). The B cation is lead (  P b  ) or tin (  S n  ), and the X anion is one of the three halogens   X = C l , B r , I )  .




2. Outline of Calculations


The creation of suitable model structures of the desired material is the first step towards the realization of a computational study. In the present case, there are two possible routes that can lead to the creation of neutral perovskite nanostructures obeying the nominal stoichiometry of    A 1   B 1   X 3   .



The first route is based on considering the   B  X 6    octahedron as a building block and suitably repeating it along the three directions, creating a backbone structure of the form   n × l × m  . The building procedure is completed by filling all the interstitial sites between the octahedra (and also on the surface) with the A cations. The resulting nanoparticles do not obey the required stoichiometry (1/1/3), which ensures charge neutrality since this building practice always leads to an excess of A cations. Neutrality can be achieved by removing a suitable number of A cations. The actual number of A which needs to be removed depends on the   n , l , m   of the specific NP. For example, Figure 1a shows a   3 × 3 × 3   NP where the randomly created A vacancies are indicated by large red balls.



The second route is based on repeating the   A B  X 3    building block along the three directions, creating again an NP of the form   n × l × m  . Although in this case charge neutrality is obeyed by default, a different issue arises since three out of the six facets of the NP are terminated by truncated   B  X 6    octahedra exposing the B cations (see Figure 1b).



In the present manuscript, the second route has been adopted, by creating   2 × 2 × 2  ,   3 × 3 × 3   and   4 × 4 × 4   NPs of the form ABX   3   with   A = M A , D E A , F A , G A  ,   B = P b , S n  , and   X = C l , B r , I )  , due to the charge neutrality of the resulting structures.



Contrary to what holds in the bulk cases where the periodic boundary condition dictate a “stable” and common environment for all A cations in the material, in confined systems, the presence of terminating surfaces induces large deviations from the ideal perovskite structure leading to a significantly increased disorder with respect to A orientation; the organic molecules, which play the role of the A cations, can rotate and change their orientation which is no more identical for all of them as in the bulk case. As a means to investigate the effect that this orientation disorder (of the A cation) may have on the properties of the nanoparticle, we have employed different approaches in order to sample the conformation space. Initially, we resorted to simulated annealing calculations within the semi-empirical tight binding method included in the extended tight binding program (xtb) of the Grimme group [43,44]. Later, it was found that the most effective way to effectively sample the conformation space within the same approximation level was the Conformer–Rotamer Ensemble Sampling Tool (crest) [45,46] included in the same program package. Therefore, crest was employed as the main tool/method for providing the initial low level (i.e., tight binding) geometries which would subsequently be optimized in a higher level of theory (i.e., Density Functional Theory (DFT)). It should be noted that, despite the semi-empirical nature of these types of calculations, when the size of the nanoparticles is large, an exhaustive conformational search becomes prohibitive. As a result, for large systems, the computational parameters related to the extent of the conformational search were downgraded, leading to less reliable initial geometries (compared to smaller NPs).



The lowest energy structures produced by the aforementioned conformational search were then optimized using the DFT capabilities of the GPAW program [47] with the generalized-gradient-approximation (GGA) exchange correlation functional of Perdew, Burke and Ernzerhof (PBE) [48]. In particular, all calculations employed the lcao mode of GPAW using a basis set of atomic orbital-like functions of dzp (double- ζ ) quality. The grid spacing used throughout the calculations was consistently set to the typical value of   h = 0.25   (this is the grid used for the representation of the wave functions). The optimization was performed with the help of the Broyden–Fletcher–Goldfarb–Shanno (BFGS)/Linear-BFGS(LBFGS) algorithm (included in the Atomic Simulation Environment [49]) setting the value of the maximum force to 0.05 eV/Å. Due to the fact that the surface A cations can almost rotate freely, the potential energy surface of the NPs is rather flat and the adoption of tighter convergence criteria would result in never ending optimizations. Even with   f  m a x    set to 0.05 eV/Å, it takes hundreds of steps for the procedure to converge.



The final geometries were then used for the calculation of the optical properties of the NPs. To this end, the Real-Time Time-Dependent Density Functional Theory (RT-TDDFT) methodology was adopted [50,51]. For this purpose, the ground state of the system is perturbed with a weak delta pulse (like a kick) of a dipole electric field, and then we record the systems’s dipole moment as it evolves freely for several hundred steps (∼1500) with a step size of a few attoseconds (e.g., ∼10 as). The absorption spectrum is then produced by a Fourier transformation of the recorder dipole moments.



It should be noted that the procedure described above (conformation search, DFT geometry optimization, and RT-TDDFT calculations) has been performed for a total number of 72 nanoparticles with sizes ranging from 96 atoms (∼8.9 Å) to 896 atoms (∼23.5 Å).




3. Results and Discussion


Before turning our focus on the electronic and optical properties of the nanoparticles considered, it is worth examining their structural properties as revealed by the semi-empirical conformational search and the subsequent DFT optimization. The surface A cations, which in our case are molecular moieties, introduce extra degrees of freedom and an extremely flat potential energy surface, making the convergence of structural relaxation rather difficult. In certain cases, the disorder on the surfaces of the nanoparticle is more pronounced, and it is likely to affect the electronic properties as well. In smaller NPs (e.g.,   2 × 2 × 2  ) where the majority of atoms lie on the surface, the atoms of the optimized structures deviate significantly from their ideal positions while larger nanoparticles, despite some deviations from the cubic shape (i.e.,   α , β , γ   angles   ≈ 90 °  ), tend to retain their clear perovskite structure. In particular, when the A cation is MA, then, for all possible combinations (i.e.,   B = P b , S n   and   X = C l , B r , I  ), the NP remains cubic. When the A cation is   A = F A , D E A  , then, for all possible combinations (i.e.,   B = P b , S n   and   X = C l , B r , I  ), the NPs exhibit a general shape deformation losing their cubic shape and becoming triclinic. The   α , β , γ   angles exhibit a value ranging from 95° to 98° with the larger values corresponding to larger X anions.



The stability of the NPs can be readily evaluated by examining and comparing their binding energy or their binding energy per atom. Such a procedure would require the calculation of the total energies of the isolated constituent atoms, which can be rather problematic in the GPAW program. For this reason, in order to circumvent this inherent inability of GPAW to adequately treat the single atoms (which is usually manifested as convergence problems), we chose to resort to the binding energy per unit formula (i.e.,   B E / A B  X 3   ) as a stability measure.


  B  E   ( A B  X 3  )  k   = −    E  t o t   − k  E  A B  X 3     k  ,     k = n × l × m  











This quantity does not require any calculations on atoms and everything runs flawlessly without compromising the accuracy of the results.



The results for all categories of NPs (and sizes   2 × 2 × 2   and   3 × 3 × 3   ) are gathered in Figure 2. A close inspection of the cases where the A cation is either MA or FA or DEA reveals that, overall, the binding energy tends to exhibit a decreasing behavior as the ionic radius of the X anion increases. A striking exception from this trend appears for the case of   2 × 2 × 2     D E A P b  I 3    NP. Another tendency that can be identified from this figure is the fact that   B = S n   NPs seem to systematically exhibit lower binding energies than their   B = P b   counterparts. Once again, an exception appears for the cases of   2 × 2 × 2     F A P b C  l 3    and   F A P b  I 3   , which appear to have lower binding energies than the corresponding   F A S n C  l 3    and   F A S n  I 3   . The deviations from the general trends observed for some of the   2 × 2 × 2   NPs may be attributed to their very small size which makes them prone to large structural distortions. It should be noted that, out of the 8 B cations of the NP, seven are on the surface and only one resides in the interior experiencing the full environment of the bulk. Similarly, 21 out of the 24 X anions are also on the surface. For these reasons, the trends established by the   3 × 3 × 3   NPs might be considered as more reliable. The   A = G A   NPs also exhibit a slightly erratic behavior deviating from the observed trends. This might be attributed to the larger size of the GA cation, which, in turn, leads to larger shape distortions of the structures. The results for all categories of NPs (and sizes   2 × 2 × 2   and   3 × 3 × 3   ) are gathered in Figure 2. When the A cation is either MA or FA or DEA, the binding energy decreases as the ionic radius of the X anion increases. At the same time, the   B = S n   NPs systematically exhibit lower binding energies than their   B = P b   counterparts. The   A = G A   NPs seem to deviate slightly from the observed trend. This might be attributed to the larger size of the GA cation, which, in turn, leads to larger shape distortions of the structures.



Before considering the dependence of the gap with respect to the size and the composition of the QDs, it is interesting to examine the effect that the orientation of the molecular moieties might have. Such a task would require a large number of calculations in order to adequately sample the space of possible conformations. As a result, it was considered necessary to adopt a fast method and small QDs. A qualitative picture can be drawn by examining the variation of the HOMO-LUMO gap when the   P b C  l 3    backbone is constrained, while the positions and orientations of A cation moieties are systematically scanned. For example, the conformational search for the case of the   2 × 2 × 2     F A P b C  l 3    nanoparticle, in which the   P b C  l 3    backbone was constrained by means of a suitable potential, produced a few thousands of candidate geometries, which, when optimized with the GFN2-xTB method, they produced HOMO-LUMO gap values exhibiting a non-negligible dispersion. In particular, the standard deviation was found to be as large as 0.22 eV. Apparently, the orientation of the A cations distorts the geometry of the backbone structure, and this leads to small gap variations. It might be expected that this behavior will be more pronounced for the case of larger A cation moieties.



Keeping in mind the last findings, we can proceed to examine the electronic properties of the considered nanoparticles. As already mentioned, all of the best structures from the crest calculation were optimized at a PBE/dzp level of theory, and their electronic structure is analyzed with the help of Projected Density of States diagrams (PDOS). In this way, the single particle gaps and the nature of band edges are revealed. At this point, it should be noted that the adopted functional is a standard GGA one, which suffers from the well known and well documented HOMO-LUMO gap underestimation problem. In the specific type of nanoparticle, it has been shown that the PBE values can be underestimated by as much as 1.5 eV compared to the more accurate and reliable hybrid PBE0 ones [42]. The produced PDOS diagrams for   3 × 3 × 3   NPs are presented in Figure 3 in a   4 × 6   array with each line corresponding to a different type of A cation and each column to a different backbone structure. For the case of methylamonium (line 1), it is clear that, for   B = P b  , the DOS diagrams show a clean gap with well defined band edges, while, for   B = S n   containing NPs, surface states seem to emerge. These states are closely related to the larger distortions observed in the   B = S n   NPs, which, in turn, might be connected with the smaller stability of the specific NPs (see Figure 2). The width of the gap closes as one moves from left to right (the actual values are gathered in Table 1). The states around the HOMO exhibit a large contribution from the anion X regardless of its type (  X = C l , B r , I  ). This is consistently true for all types of nanoparticles. Similarly, the states around LUMO appear to come mainly from the anion B regardless of its type (  B = P b , S n  ). Even the surface states appearing near the conduction-band-minimum (CBM) exhibit the same parentage.



For the case of formamidinium (FA) containing NPs, presented in line 2 of Figure 3, it can be seen that, even for the   B = P b   (  X = C l , I  ), there are gap states that appear close to the band edges. This happens despite the fact that the specific naoparticles exhibit an enhanced stability (see Figure 2). This can be understood by closely examining the parentage of these states, which appears to be tightly connected with the FA moieties. This behavior is unique since, in all other cases, the states around LUMO are mainly from the B cation with the A cation contributions quite high in the conduction band. As a result, it could be claimed that, for the case of FA, the orientational disorder can enhance the role of FA virtual orbitals in the area around the CBM.



On the other hand, the orientational disorder of the DEA and GA moieties seems to have a smaller effect on the electronic structure of the corresponding nanoparticles. All   B = P b   structures exhibit a clean gap while gap states are more likely to emerge in   B = S n   structures. This is a general finding which applies regardless of the A cation.



As already described, the optical properties of the nanoparticles were calculated by suitably perturbing the ground state of the system and letting it evolve in time. In this way, the absorption spectrum is obtained by a Fourier transformation of the recorded dipole moments. The specific procedure does not calculate the discrete spectrum of excited states, but it rather produces the whole spectrum at once. The calculated spectra for the   2 × 2 × 2   and   3 × 3 × 3   dots are presented in Figure 4. These plots reveal the dependence of the absorption properties on the type of the X anion. As can be clearly seen, the ordering is the same for all materials considered. Regardless of A and B cations,   X = I   NPs always exhibit the smaller optical gap while   X = C l   the larger. Interestingly, the existence of gap states discussed in Figure 3 does not seem to have a significant impact on the energetic ordering of the spectra (perhaps, there would be larger shifts if the gap states were absent). For example, the presence of the isolated gap state in   F A P b C  l 3    does not change the ordering with respect to   F A P b B  r 3    (which has a clean gap).



The effect of the nanoparticles’ size is captured in Figure 5 where the spectra of   2 × 2 × 2  ,   3 × 3 × 3   and   4 × 4 × 4   QDs are plotted together. In most of the cases, the blue-shift of the absorption thresholds is evident, while, at the same time, the evolution of the spectrum’s characteristics with size is also evident. If the attention is turned in the first couple of peaks, one can see that, as the size increases, the spectrum characteristics become clearer.



In order to have a complete picture of the calculated optical properties, it is mandatory to examine the dependence of the produced absorption spectra on the type of the A cation. For this purpose, the corresponding plots of the   3 × 3 × 3   nanoparticles are plotted against each other in Figure 6. Interestingly, the absorption thresholds are only marginally affected by the type of A cation. Despite the different size of the A moieties and the subsequent changes to the backbone structure, the differences in the electronic structure (presented in Figure 3) and the existence of the orientational disorder, the absorption thresholds appear to be quite insensitive. The first clearly noticeable differences appear in an energy range ∼2 eV above the absorption threshold.



The frontier orbitals (i.e., HOMO and LUMO) which play a significant role in the determination of the optical gap, systematically exhibit patterns similar to the ones presented in Figure 7. At least for this type of stoichiometric NPs which include facets consisting of truncated   B  X 6    ocatehedra, the HOMO orbitals appear to be localized on these surfaces. In the same time, the LUMO orbitals appear to be more or less, distributed to the opposite side of the cubic structure. In other words, the frontier orbitals are not well confined in the interior of the NP as is customary in other types of semiconductor QDs. This might be suggestive that their properties may be suitably tailored by surface modification or passivation. Although Figure 7 includes only the orbitals of the   F A B  X 3    NPs, the trends are similar for all other moieties.




4. Conclusions


In conclusion, the structural, electronic, and optical properties of a wide range of perovskite (  A B  X 3   ) nanoparticles (NPs) have been explored with a computational combinatory study, revealing their dependence on their composition and size. The effect of parameters like A cation type, B cation type, X anion type, and size have been systematically examined and presented. It has been found that the orientational disorder of the A cations can affect the electronic properties of the NPs by introducing gap states, while, at the same time, the band gap values may exhibit a non negligible dispersion with a standard deviation as large as 0.2 eV. However, the optical properties as determined by the absorption thresholds appear to be quite insensitive to the presence of gap states obeying clear trends which depend only on the size of the NPs and the type of the X anion. Interestingly, the optical properties are only marginally affected by the type of the A cations.
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Figure 1. Neutral   3 × 3 × 3   quantum dots. In (a), the main building block is the   B  X 6    octahedron. If all interstitial sites are occupied by A cations, then the resulting structure exhibits an excess of positive charge (  + 10   for the specific dot). Neutrality may be achieved by randomly removing the appropriate number of A cations (for example, random sites are indicated by the large red spheres). In (b), the main building block is the   A B  X 3    unit. As a result, the resulting nanoparticles are always neutral, but three out of six facets are terminated by truncated octahedra. 
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Figure 2. The binding energy per unit formula for all   2 × 2 × 2   and   3 × 3 × 3   nanoparticles considered. 
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Figure 3. The projected density of states of all   3 × 3 × 3   nanoparticles considered. 
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Figure 4. Dependence of the absorption spectra on X anion type for NPs with sizes   2 × 2 × 2   and   3 × 3 × 3  . 
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Figure 5. Dependence of the absorption spectra on the size of the nanoparticle (i.e.,   2 × 2 × 2  ,   3 × 3 × 3   and   4 × 4 × 4   QDs). 
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Figure 6. Dependence of the absorption spectra on the A cation type. 
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Figure 7. Plots of the HOMO and LUMO molecular orbitals for the case of   3 × 3 × 3  ,   F A B  X 3    nanoparticles. In all cuboids, the atom residing in the bottom right corner corresponds to the X anion, and the remaining color corresponds to the B cation. 
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Table 1. HOMO-LUMO gap in eV for all nanoparticles under study.
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A = MA






	

	
Pb

	
Sn




	

	
Cl

	
Br

	
I

	
Cl

	
Br

	
I




	
   2 × 2 × 2    

	
3.55

	
2.97

	
2.50

	
2.78

	
2.10

	
1.84




	
   3 × 3 × 3    

	
3.34

	
2.84

	
2.28

	
1.80

	
1.62

	
1.25




	
   4 × 4 × 4    

	
2.87

	
2.38

	
1.48

	
1.48

	
1.16

	
0.45




	
A = FA




	

	
Pb

	
Sn




	

	
Cl

	
Br

	
I

	
Cl

	
Br

	
I




	
   2 × 2 × 2    

	
2.36

	
1.81

	
1.94

	
0.97

	
1.36

	
0.86




	
   3 × 3 × 3    

	
1.82

	
2.49

	
1.87

	
1.01

	
1.22

	
0.83




	
   4 × 4 × 4    

	
2.55

	
1.88

	
1.53

	
0.65

	
0.73

	
0.90
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Pb

	
Sn




	

	
Cl

	
Br

	
I

	
Cl

	
Br

	
I




	
   2 × 2 × 2    

	
3.50

	
2.95

	
2.46

	
2.82

	
2.01

	
2.16




	
   3 × 3 × 3    

	
3.29

	
2.65

	
1.65

	
1.80

	
1.40

	
1.65




	
   4 × 4 × 4    

	
2.90

	
2.50

	
1.50

	
1.69

	
0.85

	
0.55
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Pb

	
Sn




	

	
Cl

	
Br

	
I

	
Cl

	
Br

	
I




	
   2 × 2 × 2    

	
3.21

	
2.90

	
2.29

	
2.33

	
2.16

	
1.67




	
   3 × 3 × 3    

	
2.71

	
2.35

	
1.79

	
1.40

	
1.22

	
0.84




	
   4 × 4 × 4    

	
2.62

	
2.00

	
1.42

	
0.73

	
0.78

	
0.76
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