Single exciton (SE) and multi-exciton (ME) transitions can occur in all the systems, while conduction band (CB), valence band (VB), and gap-state (GS) transitions, collectively referred to as intra-band (IB) transitions, become possible when the material is modified from the ideal cluster. Combinations of IB and SE/ME transitions (e.g. IB + SE) can also occur.

For brevity we will refer to these VB, CB, and GS transitions by the collective term intra-band (IB) transitions. While IB transitions do create excitons, these excitons are contained within either the VB or CB and, therefore, are not of use to photovoltaic applications, which need to separate the charges across the band gap. Nor are they of use to any application that relies on radiative recombination, since the charges will relax and recombine non-radiatively. At sufficiently high energies, the excitations get more complicated, as these IB transitions can occur in conjunction with SEs (IB + SE), resulting in a multi-electron excitation that involves the creation of only one new electron-hole pair spanning the band gap. While formally these transitions are MEs, in photovoltaic applications they are equivalent to SEs. They cannot be viewed as ordinary MEs, since the latter create two electron-hole pairs spanning the gap, potentially doubling the photocurrent. Going to even higher energies, IB transitions can occur in conjunction with ME transitions. Since excitations involving more than two electrons contribute rather minimally (#5%) to the NC excited states discussed below, the excitations that are combinations of IB and ME transitions are categorized as just MEs.

We note that the concept of a charged exciton45 is often used in NC literature. A charged exciton consists of either two electrons and one hole or two holes and one electron. A charged biexciton involves three electrons and two holes or vice versa. Application of this nomenclature to non-ideal clusters—charged, doped or with dangling bonds—implies that a SE should be called a charged exciton, IB + SE becomes a biexciton, and ME becomes a charged biexciton. According to this nomenclature, a biexciton in a neutral cluster is a two band-gap excitation, while a biexciton in a charged cluster involves only one band-gap excitation. In order to avoid this inconsistency, we use the notation introduced above in Fig. 1.

Much work has already been accomplished towards the understanding and realization of doping in semiconducting NCs.44,46-57 Progress has also been made in elucidating the effects of excess charges in NCs,45,58,59 as well as surface defects.60,61 In self-assembled quantum dots, the absorption and emission energies red-shift relative to the neutral dots as electrons are loaded into the quantum dots.45,59 A pseudopotential study on CdSe quantum dots predicted that the shift in the absorption energies are dependent on the relative localization of the hole state as compared to the electron state.58 These studies focused on the first few transitions, covering an excitation window of approximately 1 eV. A detailed, ab initio description of the excited states and the optical absorption of confined semiconductors across a substantial energy range has been lacking.

Simulation details

In order to gain insight into the nature of the electronically excited states in spatially confined semiconducting materials, as well as to study the effects caused by modifications to the ideal structure, high level ab initio electronic structure calculations were performed that could properly model SE, ME, and IB excited state configurations. The calculations used the symmetry adapted cluster theory with configuration interaction (SAC-CI) method,62-64 as implemented within the Gaussian 03 computational package,65 the LANL2DZ basis set and pseudopotentials, with all valence orbitals included in the active space. The calculation begins by using the Hartree-Fock ground state determinant as a reference wavefunction in a cluster expansion of the true wavefunction, thereby including correlation effects into the ground state. The excited state wavefunctions are determined by first defining a set of basis functions, which are created by applying symmetry adapted excitation operators66,67 to the ground state wavefunction. The excited states are then constructed from linear combinations of these basis functions. For the calculations discussed here, excitation operators up to at least quadruples were utilized. Some computational savings can be achieved by reducing the SAC-CI expansion from quadruples to doubles.22,42,43 The excited states are classified according to the types of transitions that comprise each excited state.

It is important to emphasize that the eigenstates of the SAC-CI Hamiltonian consist of mixtures of single and multiple excitations. At the single particle description, only SEs can be optically excited, and MEs always remain dark. The mixing of SEs and MEs described by SAC-CI makes MEs optically active, since they can couple to light due to the presence of a non-zero SE component in the SAC-CI eigenstates.

The excited states calculated with this method are the many-electron eigenstates of the electronic Hamiltonian that includes electron correlation, excitonic effects at a high level of ab initio description. These states describe initial photoexcitations that can evolve further by a number of mechanisms, including Auger processes19,20 phonon-induced dephasing23,24,68,69 and electron-phonon relaxation.41,70 The subsequent evolution of the photoexcited states can produce transitions between states of difference character, e.g. SEs and MEs, loss of coherence in superpositions of various types of transitions and electronic energy losses to heat.

As a consequence of the complexity of the calculation and the supremely large number of states (>1000) needed to span a meaningful energy range, only very small clusters of atoms were used in the calculations. Nevertheless, quantum-mechanical calculations in combination with classical theories of optical absorption demonstrate universality of the optical response. For instance, the optical response of the Si-Si bond was found independent of bonding configuration, and the classical theory remained valid from bulk Si down to atomic-scale clusters, as small as Si8 and even Si5.71 While we would like to stress that the results and conclusion obtained here are for small clusters, there is reason to think that some of the effects observed in these small clusters may be present in larger systems. First, the single-particle band structure of small clusters was found to be qualitatively similar to that of much larger clusters.22 Second, the key features of the absorption spectra of Si clusters were observed to be independent of cluster size over almost an order of magnitude in the number of atoms in the cluster.72 This suggests that the conclusions drawn here for small Si clusters could be directly relevant for mid-sized Si clusters. Third, there is correspondence between the small cluster results and calculations on larger NCs.

Specifically, Franceschetti and Zunger58 calculate a general red-shift of exciton transition energies for negative charging and blue-shift for positive charging. The small cluster results show that SEs are slightly red-shifted for anionic clusters as compared to neutral clusters, while SEs are blue-shifted for cationic clusters as compared to neutral clusters. The ME thresholds found in our ab initio calculations with small neutral clusters22,43 agree with the experimental data18,23,73,74 and the more empirical calculations on the larger particles.20,30 Finally, most of the arguments made

concerning the cause of the observed effects are general and not expected to depend on the size of the system. For example, dopants and dangling bonds create defect states no matter the size of the system, and an extra electron in the CB allows new, low energy transitions, which have been observed in remote doping experiments on full-sized NCs.52-54

Systems studied by the SAC-CI method include neutral clusters of PbSe, CdSe22 and Si,43 in addition to positively and negatively charged clusters of PbSe42 and Si.43 Further work has been carried out on PbSe and Si clusters involving dopants and dangling bonds.75 The calculations employed the same geometric structure for the neutral and charged clusters, see top of Fig. 2. Both positive and negative charges were considered. The dopant case is represented here by replacing a Si atom from the original cluster with a P atom, as shown in the bottom left of Fig. 2. In this case, the dopant causes a modification similar to negatively charging the cluster since P introduces an extra electron into the CB. Dangling bonds were introduced into the PbSe cluster by removal of one of the Pb atoms, see bottom right of Fig. 2. Here, the dangling bonds introduced an unoccupied level into the band gap. This GS leads to similarity with a positively charged cluster, since electrons excited from the VB do not necessarily transition into the CB, but can also occupy the GS.

