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ABSTRACT

We have investigated high energy excitations in ∼1-2 nm Si nanoparticles (NPs) by ab initio time-dependent density functional calculations,
focusing on the influence on excitation spectra, of surface reconstruction, surface passivation by alkyl groups, and the interaction between
NPs. We have found that surface reconstruction may change excitation spectra dramatically at both low and high energies above the gap;
absorption may be enhanced nonlinearly by the presence of alkyl groups, compared to that of unreconstructed, hydrogenated Si NPs, and by
the interaction between NPs. Our findings can help interpret the recent experiments on multielectron generation in colloidal semiconductor
NPs as well as help optimize photovoltaic applications of NPs.

Recently, effective multiexciton generation (MEG) was
reported in several colloidal semiconductor nanoparticles
(NPs).1 In the initial step of the MEG process a high-energy
incident photon generates a high-energy exciton when
absorbed by a semiconductor. This exciton may decay
through two main relaxation channels: either by emitting
phonons or by creating other excitons. In bulk semiconduc-
tors the Coulomb interaction is strongly screened; thus the
excitonic channel is suppressed. On the other hand, a high
density of vibrational states is available for excitons to relax
by emitting phonons. For these reasons, MEG is a 1% effect
in excitonic relaxation in bulk semiconductors, and it is thus
irrelevant for photovoltaic (PV) applications.

In contrast, in NPs quantum confinement effects reduce
electronic screening, thus effectively enhancing Coulomb
interactions, and vibrational density of states is reduced, with
respect to the bulk, inducing a so-called “phonon bottle-
neck”.2 These concomitant factors may help decrease the
probability of excitons to decay through phonon emission
and enhance the probability of excitonic relaxations, thus
opening the way for multiexciton formation to become a
dominant relaxation channel.

In MEG processes much of the incident photon energy is
retained in electronic excitations; therefore proposals3,4 to
use of MEGs in NPs for efficient solar energy conversion
raised high hopes. Highly efficient MEG was initially

reported in environmentally unfriendly II-VI compounds,
e.g., PbSe and CdTe. However, recent studies on II-VI and
III-V semiconductor nanoparticles found that MEG ef-
ficiencies are less pronounced than originally suggested.5-10

It was also found that these efficiencies depend on the surface
chemistry, the concentration of NPs in the solution, and even
on extrinsic effects such as the stirring of the solution, related
to possible charging of the NPs.11-13

Recently, MEG has also been reported for more environ-
mentally friendly materials, such as Si. In particular, effective
biexciton generation was found in colloidal silicon nano-
particles14 and in Si NPs embedded in a SiO2 matrix, where
the size and the distance of Si NPs were both ∼3 nm.15 In
the latter case the photon absorbed by the NP is (partly)
transferred to generate a distinct excited state within another,
nearby Si NP. The energy transfer process is accompanied
by the relaxation, in the NP where it originated, from a highly
excited state toward the lowest-energy excited state.15 For
fabrication purposes, in PV applications all-solid embedded
Si NP systems may be superior to colloidal architectures;
however a strong dependence on the surface/interface
structure may be present in both cases.

A poignant demonstration of the sensitivity of the pho-
toluminescence (PL) spectrum to the presence of surface/
interface defects has been recently presented for Si NPs
embedded in SiO2.16 The defects were originally identified
by the features they induced in the spectrum. Then they were
passivated by hydrogenation and subsequently reintroduced
in the system by ultraviolet irradiation.16 The corresponding
features in the spectrum disappeared and reappeared accord-
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ingly. In contrast, it has been shown that alkyl-functionalized
colloidal Si NPs exhibit a PL spectrum which is insensitive
to UV irradiation or water treatment.17,18

Remarkably, alkyl-functionalized Si NPs were found to
exhibit an enhanced absorption, with respect to hydrogenated
dots, suggesting an important role of the electronic surface
states associated with alkyl groups. Moreover, Rosso-Vasic
et al. fabricated silicon nanoparticles of diameter of about
1.5 nm and capped them with different alkyl groups in
hexane solution.17 These NPs exhibited significantly en-
hanced absorption and emission in solutions with higher
concentration, and this was attributed to the electronic
coupling between the NPs. A similar effect was also observed
in previous MEG studies.11,17

On the theoretical side, three interesting proposals were
put forward to explain MEG processes.19-21 (i) the impact
ionization (II) theory of Zunger et al.,20 based on detailed
pseudopotential and configurational interactions (CI) calcula-
tions, suggests that the Coulomb interaction between the
exciton and multiexciton states is responsible for the efficient
MEG. The work of ref 20 was followed by a theoretical
screening of candidate materials22 and by a detailed analysis
specific to PbSe nanocrystals.23 A full nonequilibrium
description of the MEG process, emphasizing the important
role of the density of states of the one-exciton states was
given in ref 24.

(ii) The Klimov group developed the alternative scenario
of “virtual exciton generation” (VEG).19 In this picture the
generation of the initial high-energy exciton takes place
simultaneously and coherently with the generation of ad-
ditional excitons.

(iii) Finally, Efros et al. suggested a third explanation.21

In their coherent exciton states (CES) picture the incident
photon generates a single exciton, which then coherently
evolves into a multiexciton state, enabled by the degeneracy
of these states.21

Noticeably, all these theoretical frameworks build on a
detailed knowledge of single particle excitations; nevertheless
most studies have so far focused on low lying excita-
tions,25-30 with very few studies exploring high-energy
excitation spectra.20,22 In addition, none of the existing
calculations has used ab initio techniques and has investigated
the role played by surface states.

In order to contribute to the understanding of the MEG
process, we focus here on high-energy excitations in Si
nanoparticles and we investigate the role of surface states,
surfactants, and NP interactions on absorption processes. To
this end, we have determined the excitation spectrum of Si
NPs using time-dependent density functional theory at “low”
energies: 1Eg < E < 2Eg, and high energies: 2Eg < E, where
Eg is the optical gap.

We find that electronic surface states accompanying
surface reconstruction may give rise to absorption processes
substantially different from those of unreconstructed, hy-
drogenated Si NP, at both low and high energies. In addition,
absorption is enhanced nonlinearly both by the presence of
alkyl groups bound to the surface and by the interaction
between Si NPs.

We carried out calculations with supercell geometries,
plane wave basis sets, and pseudopotentials,31 using the pwscf
code. We used a 35 and 150 Ry cutoff for the wave function
and charge density expansions, respectively. We checked the
convergence of our results on representative Si NPs by
increasing the cutoffs up to 60 and 300 Ry. The distance
between the surface hydrogen atoms of the periodic images
was larger than 0.7 nm. All geometries were fully relaxed.
Absorption spectra were calculated using time-dependent
density functional theory (TD-DFT), with the generalized
gradient PBE functional in the exchange-correlation kernel32

and the technique proposed in ref 33. For a relatively small
cluster, TD-DFT may provide a qualitatively correct descrip-
tion of excitation processes (unlike for the case of bulk solids)
and it is used here to discuss trends in excitation spectra of
small Si dots, as a function of surface structure and
composition. We consider NPs with 1.2 to 2 nm diameter
(d). While the optical gap at such small sizes is too big for
direct PV applications, our results provide indications about
the relative importance of surface states, passivants, and
NP-NP interaction. In addition, our results can be directly
compared to recent experiments on alkyl-capped Si NPs of
similar sizes.17

We simulated Si NPs with different surface terminations.
First we considered NPs where each surface dangling bond
was terminated by a hydrogen atom (see Figure 3). This
model may represent the “perfect”, unreconstructed Si NPs
with no surface states. We then investigated the effect of
surface reconstruction of hydrogenated Si NPs. Finally, we
studied NPs terminated with alkyl groups, including hexyl
and methyl groups present experimentally in hexane solvents.
These molecules bind to the surface by forming Si-C bonds.

The interaction between the Si NPs was investigated by
considering two different configurations in our supercell
calculations: simple cubic and tetrahedral lattices of Si NPs
(see Figure 3).

First we discuss the effect of the surface reconstruction
on absorption spectra. In Si NPs, a 2 × 1-like reconstruction
may take place on (100) facets. Figure 1 illustrates the
spectrum for unreconstructed and reconstructed Si NPs with
d ) 1.2 nm and d ) 2 nm diameters. Several features are
apparent from this figure.

(i) The optical gap is substantially reduced by the surface
reconstruction from 3.0 to 2.0 eV in d ) 1.2 nm Si NP.
This is consistent with similar reductions reported in the
literature, e.g., in refs 25 and 29. While the weight of the
lowest energy peaks is visibly small in the reconstructed case,
the absorption exceeds that of the nonreconstructed NP from
about 2.7 eV onward, in the d ) 1.2 nm SiNP. The gap of
nonreconstructed d ) 2 nm Si NP decreases to 2.0 eV, and
the surface states appear as resonances below and close to
the HOMO (highest occupied molecular orbital) and right
above the LUMO (lowest unoccupied molecular orbital);
these states give rise to peaks in the excitation spectrum of
the reconstructed cluster, at about 2.2 and 2.4 eV, that are
not present in the unreconstructed case. In other ∼2 nm
reconstructed clusters,25 the LUMO state has been found to
be a surface state. It is therefore reasonable to expect that in
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reconstructed Si nanoparticles of about 2 nm, one find surface
states very close to the LUMO.

(ii) The absorption increases dramatically in the low-
energy region of the reconstructed cluster. This is evident
from the emergence of the pronounced new peaks both in
the 2.7-3.0 eV range for d ) 1.2 nm Si NP and in the
2.2-2.4 eV range for d ) 2 nm Si NP, respectively, as well
as the increase of the integrated spectral weight in the
1Eg-1.5Eg energy window.

(iii) The increase of the absorption of the reconstructed
clusters (versus the nonreconstructed one) is nonlinear: the
spectra integrated over higher energy windows increase more
moderately than those obtained over the low energy window.

(iv) The presence of surface states gives rise to resonances
at high energies.

The lowering of the gap induced by reconstruction and
the substantial enhancement of the spectrum in the high-
energy region suggest that surface reconstruction may help
enhance MEG processes, whose onset is at 2Eg, and
maximum efficiency enhancement is obtained from the
biexciton generation in the (2-3)Eg high energy range.

Importantly, we note that excitations in the low-energy
region of (1-2)Eg also contribute to MEG process, as shown
in ref 24, since the bi- and triexciton states are created from

all possible combinations of single excitonic states (subject
to selection rules, of course). Therefore an increase in the
low-energy density of excitations is a possible indication,
although clearly rather indirect, of enhanced MEG efficiency.

We also note that surface states can act as traps for excited
carriers with relatively long lifetime in small Si NPs. Hence
they may be responsible for charging of NPs in transient
absorption spectroscopy measurements and can lead to
possible problems in interpretation of experiment.

We note that the increase of the effective Coulomb
interaction in NP, compared to bulk, poses design challenges
for their use in PV applications: while such an increase may
enhance the efficiency of MEG, in principle it makes the
extraction of the charge generated by MEG harder than in
the bulk. However the presence of surface states, as predicted
by our calculations, might help to make the charge extraction
more effective.

We now turn our attention to the effect of the solvent on
the spectrum of Si NPs. In the photoluminesce experiments
on colloidal NPs, alkyl groups are often attached to the
surface. To gauge an understanding of the effect of various
passivants, we studied methyl ligands, the shortest alkyl
group, and hexyl, the longest alkyl group considered in this
work. We simulated a hierarchy of representative samples,

Figure 1. (a) The absorption spectra of reconstructed and nonreconstructed d ) 1.2 nm Si NPs. The peaks arising at low energy in the case
of reconstructed surfaces and falling in the gap of the excitation spectrum of nonreconstructed ones are due to transitions between localized
surface states. HOMO: highest occupied molecular orbital. LUMO: lowest unoccupied molecular orbital. The states on the right-hand side
are indexed relative to the HOMO and LUMO states. The red/green lobes represent the isosurface of the positive/negative values of the
corresponding square moduli of the wave function. (b) The absorption spectra of reconstructed and nonreconstructed d ) 2 nm Si NPs. The
peaks just above the LUMO for the reconstructed Si NP are due to transitions between localized surface states.
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created by substituting H atoms at the surface by alkyl
groups, with alkyl coverage varying from 1.5% to 25% (see
Figure 2). Since the presence of long hexyl groups leads to
very CPU intensive calculations, in this case we focused only
on two coverages, 1.5% and 19%, and on 1.2 nm NPs. The
hexyl groups were placed at the positions minimizing the
repulsive interaction between the alkyl groups (see the inset
in Figure 2).

Figure 2 shows the calculated spectra. Consistent with
previous studies,26 we found that the alkyl groups do not
change the optical gap of the host Si NPs. At low surface
coverages with methyl groups, the absorption spectrum does
not change considerably relative to the one of purely
hydrogen-terminated Si NPs. However, at higher coverages
the spectrum exhibits new peaks above Eg. The new peaks
correspond to transitions involving states localized on the
surface Si-C bonds. The intensity of these peaks increases
with increasing coverage by either the methyl or hexyl
groups. We found that in the energy window from zero up
to 2Eg and up to 3Eg the increase of absorption is around
45% and 10%, respectively, for methyl-terminated Si NPs
(at 25% coverage), while it is more than 100% and more
than 60% for hexyl-terminated Si NPs (at 19% coverage).
The numbers associated here to spectral enhancement are

indicative of trends and not meant to be quantitative estimates
for direct comparison with experiment. We also found that
the enhancement of the spectrum is nonlinear and it is more
pronounced in the case of a hexyl group, which might then
be the most promising solvent for MEG processes.

The high sensitivity of the spectrum to the type of solvent
may explain the recent observations that the MEG depends
on the ligands attached to the NPs and on charging
effects.11,13,34

In addition to various ligands, experimentally one may
have different concentrations of NPs whose distance could
be, in some cases, just a few angstroms (see refs 13 and
34). Such distances can be directly modeled in our calcula-
tions. As shown in Figure 3, in a simple cubic arrangement
we calculated the spectrum for NP-NP distance (D1) varying
from 0.7 to 1.3 nm along the three axes of the cell, while in
the tetrahedral configuration the distance (D2) was varied
between 0.25 and 0.4 nm with D1 ) 0.7 nm. In the tetrahedral
configuration two NPs were close to each other along one
axis while they were D1 ) 0.7 nm apart from each other
along the remaining two axes. In both cases D1 and D2 were
defined as the minimum distance between the hydrogen
atoms bound to two neighboring NPs.

Figure 2. Excitation spectra of Si NPs terminated by methyl and hexyl groups compared to that of purely hydrogenated Si NPs. The peaks
in the spectrum of alkyl-terminated dots can be attributed to the strong Si-C bonds present at the surface. The red/green lobes represent
the isosurface of the positive/negative values of the square moduli of wave functions. HOMO: highest occupied molecular orbital. LUMO:
lowest unoccupied molecular orbital. In the inset the configuration of 19% coverage with hexyl groups is shown.
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The calculated excitation spectrum for unreconstructed
NPs is plotted in Figure 3 from Eg up to 3Eg. Apparently,
the onset of absorption starts at the same energy, about 2.9
eV. This energy is close to the experimental value (∼3.5
eV) for Si NP with similar size.17 The first peak originates
from the HOMO f LUMO transition. The position of
HOMO and LUMO energies did not change as a function
of the distance between the NPs.

At higher energies, however, the absorption clearly
increases in all energy ranges as the NPs approach each other,
and additional peaks can be detected. This can be qualita-
tively understood in terms of overlaps between single particle
orbitals: As excitation energies are increased, states become
more delocalized and hence the overlap between states
belonging to neighboring NPS increases.

We integrated the intensity of absorption between Eg and
2Eg and compared to that integrated intensity between 2Eg

and 3Eg in order to estimate the enhancement of the
absorption. By taking the two extreme cases of our samples,
the cubic D1 ) 1.4 nm and the tetrahedral D2 ) 0.25 nm -
D1 ) 0.7 nm values, the enhancement is about twice as large
between Eg and 2Eg than between 2Eg and 3Eg. Our results
show that the NP-NP interactions increase the absorption
profoundly. Moreover, the enhancement is nonlinear as a
function of excitation energy due to the interaction of the
NPs. Therefore, in order to understand the high-energy
phenomena such as the MEG, the NP-NP interaction needs
to be taken account.

In summary, we have investigated high-energy excitations
in silicon nanoparticles using TD-DFT. We found that surface
reconstruction, surface termination with alkyl groups (mim-
icking possible solvent effects), and NP-NP interactions are
all responsible for an enhancement of photon absorption, with
respect to that found for isolated, hydrogen terminated, and
unreconstructed clusters. The enhancements found in our

calculations depend nonlinearly on the energy: they are
stronger in the 1Eg-2Eg low-energy region than in the
2Eg-3Eg high-energy region. Our findings provide indica-
tions how to enhance the efficiency of the MEG pathway
for solar energy conversion. Encouragingly, the trends
observed here are all consistent with those reported in recent
experimental studies of colloidal NPs.
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