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The shape of semiconductor nanoparticles (NPs) can have an important influence on their optical
absorption spectra, with enhanced absorption resulting from breaking their symmetry. To illustrate
this effect, we present broad energy optical excitation spectra of ∼2 nm Si and PbSe nanoparti-
cles, obtained from extensive time-dependent density functional theory calculations. We considered
both highly symmetric spherical shapes and low-symmetry rod-like and disc-like shapes. The low-
symmetry shapes exhibit an increase in absorption at low and relatively high energies compared to
the absorption of the spherical NPs of similar volume, independent of their chemical composition
and surface structure. Our results elucidate the mechanism of enhanced Multi-Exciton-Generation
in semiconductor NPs which is important in the quest to improve their photovoltaic applications.
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I. INTRODUCTION

In the quest for more efficient photovoltaic (PV) devices, the development of new materials and processes can
play a crucial role. In particular, systems that can take advantage of the physics of nanoscale structures may open
new possibilities and lead to breakthroughs in solar energy harvesting and conversion1. An exciting possibility is
the generation of more than one electron-hole pairs by each photon absorbed, a process referred to as “multi-exciton
generation” (MEG), which has been observed in semiconductor nanoparticles (NPs) 2,3,3–10; this would increase the
current and useful power output. MEG could actually be enhanced in NPs relative to the bulk material, which would
further improve device efficiency. The physics behind this enhancement is the suppression of exciton decay by phonon
emission in NPs (the “phonon bottleneck”) due to the reduced number of available vibrational states, and the more
facile creation of additional excitons due to stronger Coulomb interaction in NPs from less efficient screening. Recent
studies on II-VI and III-V NPs found that MEG efficiencies are smaller than originally suggested11–17, and depend on
surface chemistry, NP concentration, and measurement conditions that can lead to charging18–23. While the degree
of enhancement is debated by these papers, all of them agree that MEG does occur in PbSe14,17,23.
Energy conservation implies that MEG can only be induced by an incident photon with energy hν ≥ mEg, where

Eg is the optical gap and m an integer ≥ 2. Bi-exciton creation (m = 2) is considered the optimal scenario for
PV applications because the exciton lifetime decreases with increasing m4 and the extraction of multiple excitons is
challenging24. Moreover, typical semiconductor band-gaps are in the range of 1 eV and the solar spectrum intensity
peaks in the range 1.4–3.0 eV, making MEG with m = 2 or 3 the only practically relevant cases. For higher efficiency
in solar energy conversion, the threshold energy for biexciton creation, Ethr, should be as close to the theoretical limit
of 2Eg as possible, but it is larger in experiments4. The ratio Ethr/Eg depends on the material, the size and the
surface of the NPs. Intriguingly, with decreasing NP size this ratio can be reduced: for instance, it is about 4.2 in the
bulk and 2.7 in NPs of PbSe25. Effects that increase the value of this ratio in bulk processes are the curvature of the
band structure, the splitting of energy levels close to Eg, indirect transitions, and selection rules for optical excitation
which are imposed by translational symmetry; the relaxation of selection rules in NPs can help bring this ratio closer
to the desired limit25. On the other hand, the finite size of NPs leads to quantum confinement and consequently
larger Eg compared to the bulk. This can have an effect opposite to the trends mentioned so far: for instance, the
number of excitons created by a photon at a specific excitation energy is larger in bulk than in NPs of PbSe26,27,
due to quantum-confinement-induced lower density of states in the NPs at the given excitation energy. A thorough
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understanding of the physics behind these effects is the key to improving MEG in NPs, and to exploiting materials
which otherwise may appear as unsuitable for PV applications from their bulk properties.
In this work we show through extensive first-principles calculations of optical properties that taking advantage of

the symmetry of NPs can prove very effective in addressing some of the issues raised above. Semiconductors typically
exhibit Oh symmetry in the bulk, which is reduced to Td in NPs of spherical shape. The Td group, one of the highest
symmetry among the 3D crystallographic point groups, leads to a large number of selection rules with many dipole
transitions forbidden to first order. Thus, in highly symmetric NPs, crystal momentum selection rules may not be
relaxed sufficiently, particularly for larger sizes28. Reducing the symmetry of the NPs can lift more selection rules
for dipole transitions, opening new channels for photon absorption. This can be achieved by distorting the spherical
shape toward rod-like (elongated in one dimension) or disc-like (elongated in two dimensions) shapes; NPs of such
shapes have been already fabricated29–34 but only low-energy excitation spectra have been studied or analyzed in
detail35–39.
To illustrate our point, we selected two materials in which atomic coordination, the nature of bonds and the crystal

lattice are all different, namely Si (with four-fold tetrahedral covalent bonds in the diamond lattice) and PbSe (with
six-fold cubic ionic bonds in the rocksalt lattice). We considered NPs of these materials of various shapes, spherical,
rod-like and disc-like, and approximately constant volume (corresponding to ∼ 2 nm diameter for the spherical shape),
and show thorough time-dependent density functional theory (TD-DFT) calculations of the optical absoprtion spectra
that the lower-symmetry shapes (rods and discs) have higher absorption in the energy range Eg to 3Eg, independent
of their chemical composition and surface structure.

II. METHODOLOGY

We used the local-basis approach as implemented in the siesta code40 and norm-conserving pseudopotentials41,
with periodic cells in which the closest distance between surface atoms of the periodic images is larger than 1 nm;
all structures were fully relaxed. For a check, we also performed plane-wave calculations with the vasp code42 and
find excellent agreement between the results of the two different approaches. Absorption spectra were obtained
from TD-DFT43, with the generalized gradient PBE functional44 in the exchange-correlation kernel. For relatively
small NPs, TD-DFT provides a qualitatively correct description of excitation processes (unlike for the case of bulk
solids) and is used here to discuss trends in excitation spectra Si and PbSe NPs as a function of their shape. The
implementation of the TD-DFT method within siesta code was described in Refs. 45,46 in detail where this method
applied both for molecules and small hydrogenated Si and Ge nanoclusters. In recent years other TD-DFT codes
have been applied to hydrogenated Si and Ge nanoclusters (for example, Refs. 47–49 resulting very similar results
to that with our implementation46. In this study we apply the TD-DFT method for the well-known hydrogenated
Si and the less-known PbSe nanoclusters. Spin-orbit interactions play an important role in PbSe due to the heavy
Pb nuclei50 and can significantly reduce the calculated fundamental gap of ∼ 2 nm PbSe NPs51 but does not affect
the geometry. Computationally it is prohibitive to calculate the TD-DFT excitation spectrum including spin-orbit
coupling for relatively large nanoclusters while a simple DFT optical spectrum yields qualitatively wrong results.
Thus, we calculated the excitation spectra of PbSe NPs without spin-orbit coupling and discuss below the error from
this approximation.
We note here that TD-DFT method provides absorption spectrum with a semi-quantitative accuracy for semicon-

ductor nanoclusters but does not yield the MEG efficiencies directly. It has been shown that impact ionization may
explain the MEG, particularly, in PbSe nanoclusters52–55. The calculation of impact ionization within perturbation
approach needs the evaluation of about 2,000,000 Coulomb integrals between Kohn-Sham states in a relatively small
Si66H64 nanocrystal for the appropriate energy range of biexciton generation. In addition, the dielectric function of
this cluster has to be also determined accurately which is computationally demanding. It is technically now impossible
to calculate the MEG fully abinitio for the sizes where the shape effects can be calculated by TD-DFT shown in this
paper. Thus, we argue that if the intensity of absorption is larger so the MEG is larger as the available biexcitonic
states grow quadratically with increasing number of available joint density of states while the single exciton states only
linearly. Recent tight-binding calculations support this view56. We notice that our recent full ab initio calculations
on MEG also support our argument in small hydrogenated silicon nanoclusters57.

III. RESULTS

We discuss first the Si NPs (Fig. 1). We built the spherical NP structure (Si220H144, labeled A1) under the constraint
that it should exhibit Td symmetry and every surface Si atom should be covalently bonded to at least two other Si
atoms, with the dangling bonds passivated by H atoms. Hydrogenated Si NPs have been recently fabricated and it
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FIG. 1: (Color online) Optical absorption spectra of the Si NPs with spherical (A1), rod-like (A2) and disc-like (A3) shapes; the
three atomic structures are shown as insets (Si atoms: grey spheres, H atoms: white spheres). The colored ellipses (circle for
A1) show the approximate cross section on a plane containing one of the two equivalent directions (x, y) and the inequivalent
direction (z) of the lower-symmetry A2 and A3 structures.
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FIG. 2: (Color online) Polarization-resolved absorption spectra of the low-symmetry Si nanoparticles A2 and A3; axial directions
are defined in Fig. 1. For comparison, the spectrum of A1 is also shown in dashed lines.

has been argued that these NPs are ideal for studying excitons experimentally58. MEG in Si NPs was measured in a
hexane solvent where the surface was presumably partially terminated by carbon-chains. The high energy excitation
spectrum of Si NPs with carbon chains at the surface differs from the hydrogenated one59, but including carbon-chain
termination would increase the computational cost beyond what is currently feasible. Moreover, the difference in the
calculated spectra of different shapes but with same surface termination, which is the key quantity of interest here,
should be qualitatively similar for different surface terminations of Si NPs. We built the lower-symmetry rod-like
(Si219H156, A2) structure and disc-like (Si195H148, A3) structure with constraints that their volumes should be almost
equal to the volume of the spherical structure and the same surface constraints as in the spherical case. In the A2
structure the diameter along the z-direction is 2.8 nm and 1.7 nm along the (x − y) directions; the corresponding
values for A3 are 1.0 nm and 2.4 nm.
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FIG. 3: (Color online) Optical absorption spectra of the PbSe NPs with spherical (B1), rod-like (B2) and disc-like (B3) shapes;
the three atomic structures are shown as insets (Pb atoms: (grey) dark spheres, Se atoms: (yellow) light spheres). Other
notation similar as in Fig. 1. (a) TD-DFT spectra, (b) DFT spectra

The calculated excitation spectra of Si NPs with different shapes are shown in Fig. 1. The absorption intensity
is higher in rod- and disc-like shapes than in the spherical shape Si NPs, up to a characteristic energy of excitation
above which the trend is opposite. For the NPs considered here, this characteristic energy is ∼ 3Eg, demonstrating
that the overall absorption can be increased in the Eg to 3Eg energy range relevant for PV applications. The rod- and
disc-like shapes show very similar characteristics. The optical gap is the same within 0.08 eV for all the shapes (A1
: 2.12 eV, A2 : 2.06 eV, A3 : 2.14 eV) as expected since the deviation from the spherical shape is relatively small.
The increase in the intensity of absorption in low-symmetry Si NPs can be partially explained by the relaxation of
selection rules. An intuitive explanation is based on invoking quantum confinement effects: The NPs can be modeled
by quantum boxes with infinitely large potential barriers; a simple analytical argument shows that the most symmetric
quantum box (cube) has the lowest absorption compared to that of a general rectangular quantum box. In the case of
low-symmetry NPs the low-lying energy states are less confined while the high-energy empty states are more confined
along the short axes of NPs. This simple argument is actually borne out by our DFT calculations for the confinement
of states in Si and PbSe NPs. By integrating the absorption spectrum in the Eg to 3Eg energy range we obtain an
enhancement of about 25% for the rod-like shape (20% for the disc-like shape) relative to the spherical NP. These
results indicate a larger number of exciton states in the rod-like and disc-like Si NP. In addition, Ethr might be reduced
due to the lower symmetry of the system.
It is instructive to study the polarization dependence of the spectra for axially symmetric shapes in comparison

to the spectrum of the spherical shape (see Fig. 2). The absorption is different along the z-direction and along the
(x− y) directions of the rod-like (red curve) and disc-like (green curve) Si NPs as expected from their symmetry. In
the case of the rod-like Si NP the absorption is larger for light polarized along the z-direction than along the (x− y)
directions in the relevant energy region. A previous tight-binding study found this effect in Si nanoclusters60. We
explain this behavior by simple quantum confinement arguments as mentioned earlier: along the elongated z-axis the
quantum confinement is considerably smaller than along the other axes. Thus, the electron states close to the gap are
delocalized along the entire nanorod that can absorb z-polarized light with larger intensity. The states confined strictly
across the nanorod (x − y plane) are split by a much larger energy than the fundamental gap and consequently the
absorption polarized along (x−y) directions is more intense at higher energies. This simple explanation is in line with
relative absorption intensities of a spherical NP versus a rod-like NP. In the disc-like NP, the quantum confinement
is stronger along the z-direction than in the other directions, and the corresponding polarization dependence follows
the pattern explained above: the absorption intensity is stronger at lower energies for light polarized along (x − y)
directions while the absorption intensity along the z-direction dominates at higher energies. These results suggest
that proper orientation of the non-spherical NPs can lead to optimized absorption in PV devices.
We turn next to PbSe NPs, all with the same composition, Pb68Se68 (Fig. 3). We used the bond center as the

origin to build the various structures, which automatically results in stoichiometric NPs with the full Td symmetry
retained for the spherical (B1) structure. The creation of a stoichiometric structure ensures that there are no artifacts
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in the electronic structure such as deep gap states61. We followed a similar procedure to that employed for the Si NPs
to construct stoichiometric rod-like (B2) and disc-like (B3) PbSe NPs. In the B2 structure the diameter along the
z-direction is 2.2 nm while 1.6 nm along the (x−y) directions; the corresponding values for B3 are 0.9 nm and 2.2 nm.
Colloidal PbSe NPs exist in organic solvents (such as tetrachlorethylene) but there is no evidence from experiments
or theory that covalent bonds are formed between the molecules of the solvent and the ionic PbSe particles. Thus,
we did not use any surface passivation in PbSe NPs but allow the surface atoms to relax to find the minimum energy
structure.
In bulk form, PbSe is very different from Si: it has much lower band gap, the rocksalt crystal structure, ionic bonds

between the constituent atoms, and a non-reactive surface. Despite all of these differences the basic feature in the
calculated absorption spectra of PbSe NPs [Fig. 3 (a)] are similar to those of the Si NPs. The absorption intensity
is higher in rod- and disc-like shapes than in spherical shape PbSe NPs up to a characteristic energy of excitation,
though the enhancement in absorption is more pronounced for rod-like than for disc-like PbSe NPs. In PbSe NPs we
considered, this characteristic energy is well above 3Eg (it is close to 5Eg), which shows that the overall absorption
can be increased in the Eg to 3Eg energy range relevant to PV applications. The optical gap is the same within
0.2 eV for all the shapes (B1 : 1.25 eV; B2 : 1.13 eV; B3 : 1.33 eV). There is a dip in the calculated excitation
spectra of PbSe NPs at very high energy, 7.5 eV, characteristic for all shapes. We attribute this dip to the energy
gap between the valence Se p states and the Pb s states. While the energy gap between Pb s and Se p states may
decrease by using more accurate methods, Pb s orbitals do not seem to play a role in absorption in the visible part
of the solar cell spectrum. By integrating the absorption spectrum in the Eg 3Eg energy range for our PbSe NPs, we
obtain an enhancement of about 31% for the rod-like (7% for the disc-like) PbSe NPs relative to the spherical shape.
The increase in the absorption at low energy may be again explained by quantum confinement arguments similar to
the case of Si NPs, though this effect is not as pronounced for PbSe NPs due to the hybridization of the bulk-like
states with the surface states (see Fig. 4). The polarization dependence of the absorption spectra of PbSe NPs is very
similar to that of Si NPs. The density of states of the PbSe NPs increases in the energy range about 1-2 eV below the
highest occupied state in the rod-like and disc-like PbSe NPs relative to that of spherical PbSe NP. These states are
associated with Se p orbitals and are localized on atoms along the elongated axis of the PbSe NPs; they contribute
in the increase of absorption in the relevant energy range important for PV applications.
Finally, we comment on the error introduced by the neglect of spin-orbit coupling . Again, we emphasize that DFT

provides qualitatively wrong excitation spectra giving a wrong shape of spectra as demonstrated in [Fig. 3, thus we
choose to use TD-DFT but to neglect spin-orbit coupling in contrast to a previous work51 . This coupling is effective
on the Pb p-orbitals located in the “conduction band” (the unoccupied NP states) and would shift the calculated
Eg to lower values, affecting the optical spectrum. We expect that the shape dependence of the spectrum will not
change qualitatively, because the enhancement of absorption in the rod-like and disc-like shapes is mostly due to
quantum confinement effects, which does not depend on the spin state but rather on the spatial localization of the
wave functions. Moreover, as we discussed above, this quantum confinement will mostly change the density of states
in the “valence band” associated with Se p orbitals where spin-orbit coupling is negligible.

IV. SUMMARY

In summary, we have investigated high energy excitations in Si and PbSe NPs using TD-DFT methods. We
demonstrated that rod-like and disc-like nanoparticles show enhancement in absorption at energies of excitation
where excitons and biexcitons can be created, relative to the absorption of spherical nanoparticles with the same
volume. We also provided insight into the polarization dependence of the absorption of non-spherical nanoparticles.
Shape manipulation of nanoparticles opens a route to maximize the overall absorption at a given volume and possibly
to reduce the threshold energy for exciton generation. Our findings can help the design of nano-scale structures that
exhibit enhanced MEG, which could prove useful for more efficient solar energy conversion.
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end energy (4Eg) with respect to the highest occupied molecular orbital. Light (yellow) and dark (blue) lobes represent the
isosurface of the positive and negative values of the selected wave functions, respectively. Pb atoms: (grey) dark spheres, Se
atoms: (yellow) light spheres.
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