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ABSTRACT: A class of important semiconductors, such as Si, Ge, or C,
has an indirect band gap, which critically limits their optical properties.
Lack of eﬃcient emission is especially unfortunate for silicon, where Si
light sources could enable realization of the long-awaited on-chipintegrated Si laser for an integrated optical computing CPU architecture.
Hence, methods toward the improvement of optical properties of Si-based
materials are in high demand. Unlike most of the applied light-emitting
semiconductor nanocrystals (NCs) with a direct band gap, the radiative
rate in covalent silicon NCs (SiNCs) is size-dependent but remains low
even for the smallest SiNCs. Additionally, the radiative rate is also ligandsensitive, and the covalent bond with ligands is very rigid and static and
could be, in principle, used for straining via steric hindrance, further
inﬂuencing the radiative rates. In this work, we use the self-consistent
density functional theory (DFT) simulation together with a “fuzzy” band-structure concept to show the eﬀect of covalently bonded
⃗
ligands on the electronic structure of NCs and their k-space
projection. For instance, in 2 nm large SiNCs with C-linked organic
ligands, we demonstrate that radiative rates can be manipulated by ligands to a considerable extent through an intricate interplay
between charge transfer from the core to the ligand, orbital delocalization, and strain by steric hindrance. We propose that the
tunability of electronic properties achieved via ligands in covalent systems oﬀers a possible direction toward the design of an ideal Si
light-emitting system.

1. INTRODUCTION
Fluorescent semiconductor nanocrystals (NCs) are an important class of artiﬁcial materials with size-tunable band-gap
energy, interesting for applications in many ﬁelds.1 The most
discussed and researched are NCs of direct band-gap semiconductors, such as CdSe, ZnS, InP, or PbS. Thanks to their
(semi-)ionic bonding nature, such NCs can be produced by
colloidal synthesis routes with extraordinary size-, shape-, and
composition-control. Their optical properties are well-understood1 and can be deduced almost entirely from the properties
of the corresponding bulk semiconductors.2 Thanks to their fast
radiative rate, generally bright emission, and strong band-edge
absorption, the excitonic ﬁne structure in these NCs has also
been extensively experimentally analyzed using single-dot
spectroscopy.3 Unfortunately, all of these positive characteristics
are somewhat counterbalanced by the fact that these NCs often
lack structural stability due to their ionic bonding character and
also often contain toxic elements or rely on scarce or inaccessible
resources,1 hindering their use as sustainable and viable
materials for future applications.
As a possible alternative, one could employ group IV
semiconductor nanocrystals, such as Si- or C-based materials,
which do have inherently low toxicity levels, are environmentally
abundant, and are from accessible resources. Their obvious
disadvantage, on the other hand, is their ineﬃcient light
© 2020 American Chemical Society

emission and absorption due to the indirect band gap, implying
that these NCs need to be extensively engineered to become
applicable. Intense research has been focused especially on Sibased materials, due to the need for Si-based light sources and
laser for CMOS integrated optoelectronics and photonics.
Speciﬁcally, silicon NCs (SiNCs) are of great interest because it
has been found that with respect to bulk Si, quantum
conﬁnement in small SiNCs enhances the radiative rates by
almost three orders of magnitude.4−9 To date, high photoluminescence quantum yields10−12 and even direct-band-gaplike fast radiative rates9,11,13−21 have been reported. Also, a four
orders of magnitude change in the radiative rate upon exchange
of ligands has been demonstrated.14,15,22 However, the
mechanism of the radiative rate enhancement, beyond that
caused by quantum conﬁnement, remains obscured and
debated.9
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way that the inﬂuence of all of the surface-capping variations can
be directly compared between each other. We focus on the most
important channels by which the photophysical properties of a
covalently bonded NC can be inﬂuenced: (i) orbital
delocalization/distribution; (ii) charge transfer between the
core and ligand; and (iii) strain induced by ligand steric
hindrance. Additionally, we closely examine (iv) the inﬂuence of
the thermal population of states on the overall radiative rates.
These eﬀects are studied separately from each other using
systems designed especially for this purpose, allowing us to
pinpoint their independent roles.

In this respect, computational studies are expected to oﬀer
some clarity. Numerous simulations of SiNCs of various sizes
and ligands have already been performed;14,21,23−30 however,
consensus on the possible roles of ligands in the enhancement of
radiative rates has not yet been reached either. Even using the
density functional theory (DFT), some contradictions emerged:
e.g., a 1.4 nm large particle, sparsely passivated with short
alkenes (−C3H6 with 29% surface coverage at T = 0 K), was
reported to reach the highest occupied molecule orbital−lowest
occupied molecule orbital (HOMO−LUMO) radiative rate of
108 s−1,31 which is well within the direct-band-gap radiative rate
range. At the same time, a later calculation by a diﬀerent group of
slightly larger 1.9 nm SiNCs with higher coverage by short alkyl
ligands (−C2H5 with 72% surface coverage at 0 K) yielded a
much lower HOMO−LUMO radiative rate of 6 × 104 s−1,30
typical of indirect-band-gap NCs.
It is important to realize that in the majority of cases,
comparatively weak oscillator strengths are observed even in the
very small SiNCs. This suggests that despite the short
translational symmetry and the broken symmetry of such
systems, there is a remaining indirect character of the HOMO−
LUMO transitions that plays a critical role. In our previous
⃗
research, we have introduced methods to represent the k-proﬁle
of the electronic states in tight binding14,21 and DFT32,33
approaches. Using such methods, we indicated that organic Clinked ligands might lead to a direct-band-gap-like HOMO−
LUMO transitions via charge transfer14,21 and/or strain.33
Additionally, an often-neglected diﬀerence between the
“traditional” semiconductor NCs and the group IV NCs is the
role of their bonding on the electronic and structural properties.
The II(IV)−VI-type NCs or III−Vs are semi-ionic crystals, with
loosely bound ligands that can easily “migrate” on the NC
surface or can be removed and/or substituted by other ligands in
the ligand-exchange processes.34,35 In contrast, group IV NCs
are crystals held together by covalent bonds, which implies that
ligands are tightly bound to the surface and much harder to
replace. In fact, for SiNCs, O-linked ligands can be removed only
using HF acid or prolonged UV laser exposure in organic
solvents,15,36 and in the case of C-linked ligands, ligand
replacement has been demonstrated only photochemically via
exposure to intense UV laser,14 since a purely chemical route is
not available. Covalent bonds are directional and rigid, leading
to a very “static” surface-bonding situation. Also, all surface
bonds on the SiNC surface must be passivated by ligands, as
unsaturated (dangling) surface bonds act as nonradiative traps
and are extremely reactive and prone to oxidation that limits
size-tunability of the optical band gap.36,37 As a result of this
increased reactivity, the inﬂuence of surface ligands, be it surface
oxide or otherwise, is unavoidable. Ligands have in general
several eﬀects on all types of NCs: from the control over the
stability in liquids and over the oxidation rate to the charge
transfer or the orbital distribution with a direct inﬂuence on the
density of states (DOS).14,21,38 In the case of covalent bonding
in SiNCs, ligands could be in theory used also to exert strain on
the core and hence have a strong impact on the radiative rates,
especially if the surface coverage exceeds that determined by
equilibrium steric hindrance.33
In this work, to help resolve the remaining questions
concerning the enhanced radiative rates and the respective
role of ligands in this originally indirect band-gap material, we
demonstrate eﬀects of covalently bonded C-linked ligands for
⃗
the ∼2 nm SiNC on its radiative rate and the k-space
projected
electronic structure. The SiNC geometry is designed in such a

2. METHODS
Calculations were performed using the DFT code cp2k39,40 with the
generalized gradient approximation (GGA) Perdew−Burke−Ernzerhof
(PBE) functional,41 core approximated by the Goedecker−Teter−
Hutter (GTH) pseudopotential,42 GPW basis implemented in
Quickstep cp2k with the double zeta short-range Gaussian polarized
basis set DVZP-MOLOPT,39 and plane-wave cutoﬀ energy of 400 Ry.
Self-consistency convergence is set to 10−6. The geometry of all
structures is optimized to attain the lowest total energy state using the
conjugated gradient (CG) algorithm.
Our approach is validated by simulating a set of hydrogen-capped
SiNCs of sizes between 1 and 3 nm (for details, see the Supporting
Information, Figures S1−S3), where we ﬁnd a good agreement with the
literature for the size dependence of the HOMO−LUMO energy and
for the radiative rate magnitudes (Figure S3 and references therein).
For the HOMO−LUMO energies in the H-capped SiNCs, we ﬁnd
almost a constant red shift of 0.5 eV. Estimating the value of the
HOMO−LUMO energy is a known issue of the ground-state DFT
based on pure exchange−correlation functionals.43 This is especially
true in systems that contain both localized and delocalized electron
states. To correct for the HOMO−LUMO energy, we could employ
more accurate exchange−correlation functionals by including rangeseparated exchange−correlation functionals, which include the
Hartree−Fock exact exchange for the localized states. This, however,
would increase the computational load, which becomes prohibitive for
the size and number of various SiNCs in this work. Considering the
similarity between the alkyl-based ligands used in this work, we can
safely assume that the underestimation is similar for all of our SiNC
systems; thus, we can focus on the qualitative trends of the radiative
rates, which are not signiﬁcantly aﬀected.
To understand the complex interplay between the core and ligands
and their eﬀect on the SiNC’s optical properties, we analyze the density
⃗
of states (DOS) as a function of energy, projected in the k-space
along
the Γ−X direction. It is common to plot such a dependence in bulk
⃗
crystals; however, in a ﬁnite system like our SiNC, the k-vector
is not a
well-deﬁned quantum number owing to only a short-range translation
symmetry. We have demonstrated earlier,14,21,32,33 using Fourier
transform of the real-space molecular orbitals, and projecting them
⃗
into the speciﬁc k-directions,
that it is possible to compose a “fuzzy”
band-structure, which for larger SiNCs resembles closely the bulk bandstructure and for the smallest SiNCs approaches that of atomic systems.
This is clearly demonstrated in an example of the H-capped SiNCs in
⃗
Figure S2. We would like to note that the relevance of the k-space
information even for the smallest SiNCs is reﬂected in their low
HOMO−LUMO radiative rates observed here (Figure S2) and in the
literature (e.g., ref 44).
The radiative rate kjirad of the transition between an initial state in the
conduction band Φj with energy Ej and the ﬁnal state in the valence
band state Φi with energy Ei is evaluated from Einstein’s coeﬃcient of
spontaneous emission Aji in atomic units
ji
A ji = k rad
=
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Figure 1. (color online) Geometry of the studied SiNC systems with ligands. (a) Starting from ∼2 nm with 263 Si atoms in the core, Si263, we “treat”
the NCs surface by removing the chemically unstable −SiX3 species and reconstructing the (100) facets. The ﬁnal SiNC contains 235 Si atoms in the
core, Si235, from which 104 atoms (roughly 50%) are on the surface, directly linked to hydrogen. All of the remaining surface sites are of the same −Si-X
type. (b) Si235 SiNCs with a set of covalently bonded ligands with increasing electronegativity (−C4H9, −C4H8F, −C4H6F3, −C4H4F5, −C4H2F7, and
−C4F9), all with 50% surface coverage. (c) Si235 SiNCs with a set of covalently bonded ligands (−CH3, −C4H9, −CF3, and −C4F9), each with 50 and
100% surface coverages for the study of strain.
where Eji = Ej − Ei > 0 is the energy of the transition, c is the speed of

⟨k rad⟩(T ) =

light, and f ji is the oscillator strength given by Fermi’s “Golden Rule” in
atomic units
2
f ji = Eji |dji|2
3

=
(2)

ji −(E HOMO − Ei) + (Ej − E LUMO)/ kBT
∑i , j k rad
e

∑i , j e−(EHOMO− Ei) + (Ej − ELUMO)/ kBT
ji −Eji / kBT
∑i , j k rad
e

∑i , j e−Eji / kBT

(3)

Here, dji = ⟨Φj|r⃗|Φi⟩ is the transition dipole moment matrix element and

where kB is the Boltzmann constant, T is temperature, and the constant

Φi and Φj are single-particle states of the hole and electron (molecular

term exp

orbitals), respectively. We note that spin has not been included in the

after the excitation, the thermalizations of the electron and the hole in
the conduction and valence bands are more eﬃcient than the radiative
recombination, which is a reasonable assumption.23,45

calculation, as well as eﬀects of the refractive index, which is, for
simplicity, assumed to be equal to one.
For a more reasonable comparison with the experiment that is

{

E LUMO − E HOMO
kBT

} factorizes out. This equation assumes that

3. RESULTS AND DISCUSSION
For this study, we chose the ∼2 nm SiNC model (Figure 1a) for
several reasons: (i) it is reasonably computationally “expensive”;

typically done at T > 0 K, we evaluate also the thermally averaged
radiative rates23
6328
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(ii) it is a large-enough NC for comparison with experimental
results;15,33,46 and (iii) SiNC of this size has approximately 50%
Si atoms on the surface, maximizing the ligand eﬀect, while still
oﬀering a large-enough crystalline core for a signiﬁcant k-⃗
dependence in the fuzzy band-structures. To unify the symmetry
of the ligand bonding, we removed the unstable −SiX3 sites and
reconstructed the (100) edge facets, leaving us with only the
−SiX bonding sites (Figure 1a). This aﬀects the total energy and
bond length in the SiNC core only slightly but allows a
straightforward comparison between the very diﬀerent kinds of
ligands. Hence, ligands are all bonded via a single covalent bond,
and between the diﬀerent cases, we use exactly the same bonding
sites to prevent changes in symmetry that would on their own
critically aﬀect the DOS.
To separately address the eﬀects of charge transfer and strain,
we carefully designed a set of SiNC-ligand systems (Figure
1b,c). It is known that some highly electronegative ligands, such
as the double-bonded oxygen Si = O, or the Si−O−Si bridging
bonds, tend to cause a strong localization of the HOMO and
LUMO wave functions on the surface sites,32,37,47−50 which is an
eﬀect we wanted to avoid. Therefore, we used a set of carbonlinked ligands, where C is only mildly electronegative with
respect to Si. In principle, two diﬀerent ligand lengths were
utilized, namely, the butyl (−C4H9) and methyl (−CH3)
cappings and their abbreviations (Figure 1b,c). The interesting
aspect of these two types of cappings is that they were
experimentally shown in the past to lead to fast direct-band-gaplike radiative rates.14,15,33,46 For the purposes of the chargetransfer study, the longer ligand is used and some of the
hydrogen atoms are replaced with ﬂuorine to stimulate increased
charge transfer (Figures 1b and 2). To investigate the sterichindrance-related strain, the degree of ligand passivation was
changed from partial (50%) to full (100%) (Figure 1c).
Without the need to discuss in detail yet the separate cases of
charge transfer and strain, we can ﬁrst look at the general eﬀects
of these covalently bonded ligands on the electronic states in the
real space and the k-space. In the real space (Figures S4−S10),
despite the occasional protrusions of the electronic wave
function into the ligand observed for all of the cases with the
C-linked organic ligands, we do not observe any undesirable
surface-trapped states known for oxide capping.32,48−50 Another
observation is that the LUMO orbitals tend to be more
symmetric and homogeneously distributed over the NC core,
while the HOMO shows mostly elliptical symmetry. This could
be caused by the fact that the HOMO states are more
“degenerated” (energetically closer); therefore, even a small
perturbation can easily break the symmetry. At the same time,
wave functions for all of the SiNCs with C-linked ligands are,
with respect to H-capped SiNCs, slightly delocalized from the
core toward the ligands, which lowers the carrier conﬁnement
and results in more bulklike patterns in the fuzzy band-structure
⃗
(smaller k-space
“blur”) (see, e.g., Figures 3a, 5a, or S18).
Furthermore, we notice a clear change in the degeneracy of
the energy levels. Although, in fact, we do not observe any
symmetry-related degeneracy in any of our simulated systems,
some states could be practically considered as “degenerate”, as
they are found to be clustered together, spaced only a few meV
from each other. This is especially the case for the highly
symmetrical systems with −H and −CH3 cappings. However,
even adopting this looser view of degeneracy, the small Hcapped SiNCs do not keep the symmetry-related “degeneracy”
of states observed in bulk silicon (see Table S1). This situation is
diﬀerent from, e.g., the II−VI NCs, where the LUMO symmetry

Article

Figure 2. (color online) (a) Sketch of the ligands used in the chargetransfer study to demonstrate the eﬀect of increasing ligand
electronegativity (here sorted from the left to right) on the charge
transfer between the SiNC core and the ligand. (b) Net charge (black)
and the average Si−Si bond length (red) in the 2.1 nm SiNC (Si235).
Colored connecting lines serve as guides to the eye. The average bond
data are obtained by ﬁtting the histograms of all of the Si−Si bonds in
the fully relaxed SiNC structure using a normal distribution, and the
vertical bars depict the standard deviation σ.

appears to be preserved between bulk and NC systems (e.g. 3,).
While the details of the “degeneracies” are not that relevant here,
it is important to keep in mind that (i) as a result of the inﬂuence
of the surface, the symmetry-related bulk degeneracy is not
preserved here (Table S1 in the Supporting Information) and
(ii) the presence of more complex ligands lowers the degeneracy
even further, which can be seen from, e.g., Figures S11−S15.
3.1. Charge Transfer. Increased charge transfer (electronegativity) was previously linked in SiNCs, both experimentally
and theoretically using tight-binding calculations, to a dramatic
increase in radiative rates and a direct-band-gap-like increase in
the Γ point DOS of the LUMO level.14,21 Experimentally, such
enhanced rates were demonstrated (among other systems) in
butyl-14,46 and methyl-capped SiNCs.15,33
To separate the possible charge-transfer eﬀects from other
competitive inﬂuences, such as e.g., tensile strain,33 we chose
alkyl-based ligands with low surface coverage (50%), and
increasing electronegativity was obtained by substituting H
atoms with an increasing number of ﬂuorine atoms in the alkyl
backbone structure: −C4H9, −C3H6−CHF, −C3H6−CF3,
−C2H4−C2F5, −CH2−C3F7, and −C4F9 (Figures 1b and 2a).
The remaining surface sites were capped by hydrogen.
Increasing electronegativity was conﬁrmed by the analysis of
the Mulliken population in cp2k,39 showing increased net charge
transfer from the Si core to the ligand (Figure 2b). The (lack of)
strain was monitored by the analysis of the average Si−Si bond
length of all of the Si atoms of the geometrically optimized SiNC
(Figure 2b). The average Si−Si bond length appeared to be
constant for all of the long ligands, and only a small bond
6329
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Figure 3. (color online) The 2.1 nm SiNC (Si235) capped at a low surface coverage (50%) with ligands with increasing electronegativity. (a)
⃗
projected in the Γ−X direction (fuzzy
Logarithmically scaled DOS as a function of energy, shifted by the respective EHOMO energies, and the k-vector
band-structures). Data plotted without the energy shift by EHOMO are shown in Figure S18a. Data are plotted with energy binning of 20 meV; the k-axis
is divided into 40 points. (b) HOMO−LUMO transition energy and Fermi energy; (c) phononless radiative rates at T = 0 K and thermalized averaged
radiative rate at T = 300 K.

Phononless radiative rates calculated for the ﬁrst 100
transitions are shown in Figures S11 and S12. The rate of the
lowest energy transition at T = 0 K, given by eq 1, is extracted
and plotted separately in Figure 3c (black). Applying the thermal
averaging following eq 3 makes the trend smoother Figure 3c
(red). We ﬁnd that replacing H-capping with 50% C-linked
capping is beneﬁcial for the radiative rate, leading to ∼10 times
enhanced rates. A slightly higher enhancement in the rate is
achieved for the more electronegative ligands, reaching the
maximum for the partial capping with the −C4F9 ligand.
To analyze the possible reasons for the rate enhancement, we
⃗
plot the DOS k-projection
in the Γ−X direction for the HOMO
and LUMO states from Figure 3a separately in Figure 4a,b.
Contrary to our previous ﬁndings using the tight-binding
approach in,14,21 we do not ﬁnd a strong enhancement around
the Γ point for the LUMO state as a result of a C-linked ligand.
On the other hand, quite unexpectedly, we see consistently
enhanced DOS contributions in the X direction for the HOMO,
leading to an enlarged overlap of the e−h wave function in the
X−X direct transition.

shrinkage was observed for the most electronegative ligands.
This was likely caused by the lowered electronic density in the
core caused by the charge transfer to the ligands, rather than
compressive strain, since ligands do not at any point overlap at
such a low surface coverage density.
As we discussed previously, the lower carrier conﬁnement in
SiNCs with C-linked ligands leads to a more bulklike k-space
pattern in the fuzzy band-structure, when compared to Hcapped SiNCs of the same size (Figure 3a). Increased
electronegativity of the ligands, however, seems to introduce
only small further variations in the DOS. The major diﬀerence is
in the Fermi energy, which decreases gradually with ligand
electronegativity (Figures 3b), increasing the work function.
The HOMO−LUMO energy (i.e., the band gap) remains
almost entirely unaﬀected, apart from an insigniﬁcant shift for
−C4H2F (Figure 3b). While the ligand constituents (C, H, and
F) do contribute to the DOS close to the HOMO and LUMO
states (Figures S19 and S20), they play a major role only for the
states higher in the valence and conduction bands.
6330
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⃗
Figure 4. (color online) k-Space
proﬁle of the DOS for the (a) HOMO and (b) LUMO DOS projected in the Γ−X direction with binning of 20 meV.
(c) Fraction of the DOS for the HOMO and LUMO contributed by the ligands (lines are guides to the eye). For more details, see Figures S19 and S20.

question: where does the required “additional” strain come
from?
To separately test the link between the surface capping and
induced strain, we analyzed the eﬀect of high surface coverage by
⃗
ligands on the k-space
projected DOS (Figure 5a) and the
radiative rates (Figures 5c and S13 and S14). For this purpose,
we used the same 2 nm SiNC with 235 atoms, as used for the
electronegativity study, capped 50 or 100% by −CH3, −CF3,
−C4H9, and −C4F9. As previously, for the 50% coverage, the
ligands were attached to the same surface sites with respect to
each other and with respect to the charge-transfer study. This
helps us avoid changes in symmetry and makes all of the results
directly comparable.
First, by analyzing the strain induced by the surface capping
groups, we ﬁnd a signiﬁcant diﬀerence between alkyls and the
ﬂuorinated chains; see Figure S16. Whereas the alkyl ligands
−CH3 and −C4H9 exert only negligible strain on the core at 50%
coverage, they induce tensile strain at full coverage, as
documented by the enlarged mean bond length with respect
to the H-terminated SiNCs by 0.3% for the −CH3 and 1.0% for
the −C4H9 terminated SiNC. In contrast, ﬂuorinated ligands
induce shrinkage of the Si−Si bonds at 50% coverage (1.3% for
−CF3 and 0.75% for −C4F9), which relaxes a bit at full coverage
for the −CF3 and changes to a tensile strain for −C4F9. The bond
shrinkage associated with the ﬂuorinated chains is most likely
caused, as discussed before, by the charge transfer from the core
to the ligand, which reduces the overall electronic density in the
covalent bonds in the NC core.
However, the mean bond length should not be the sole
indicator of how a surface capping changes the strain balance
within the NC core. As can be seen from the box chart in Figure

Furthermore, when plotting the fraction of the DOS of the
HOMO and LUMO states contributed by the ligand atoms
(Figures S19 and S20), we ﬁnd (i) a general increase in the
ligand contribution when using C-linked ligands with respect to
hydrogen capping and (ii) a slightly enhanced fraction of the
LUMO and a bit decreased fraction of the HOMO on the
ligands with increasing electronegativity (Figure 4c). This
correlates well with the observed net charge transfer to the
ligand (Figure 2b) caused by the higher electronegativity of the
respective ligands. A similar eﬀect has already been used to
qualitatively (i.e., without theoretical calculations) explain the
experimentally observed enhanced radiative rates in SiNCs with
an N-linked ligand,51 where the authors argued that the increase
of the Γ point LUMO DOS results from surface states. However,
this is deﬁnitely not the case in the current study because the
LUMO DOS increase at Γ or X points clearly does not correlate
with higher wave-function spatial localization on the surface
(Figures S4−S10).
3.2. Strain by Steric Hindrance. Ligand-induced tensile
strain was previously shown, both experimentally and
theoretically, to also lead to a dramatic increase in radiative
rates to values comparable to direct-band-gap semiconductors.15,33 The experimentally realized and investigated systems
exhibiting this eﬀect were methyl-capped SiNCs.33 In theoretical
calculations,33 however, the tensile strain in the SiNC system
had to be artiﬁcially enhanced to theoretically reproduce the
experimentally observed radiative rates. On the one hand, this
result demonstrated that homogeneous tensile strain, obtained
by, e.g., application of hydrostatic pressure, can lead to enhanced
radiative rates but, on the other hand, left us with an unresolved
6331

https://dx.doi.org/10.1021/acs.chemmater.0c00443
Chem. Mater. 2020, 32, 6326−6337

Chemistry of Materials

pubs.acs.org/cm

Article

Gaussian-like shape, with symmetric gradually decreasing tails.
The third type of capping, the triﬂuorocarbon −CF3 chains,
skews the distribution of the bond lengths into a more
asymmetric shape, with most of the values shifted toward the
smaller bond lengths compared to H-terminated SiNCs, but
with a longer larger-bond-length tail. The last investigated type
of surface ligands, the −C4F9 capping, widens the distribution of
bond lengths only negligibly at 50% coverage, and at full
coverage, it produces a histogram more than twice as wide as
that of the −H-capped SiNCs. The wider bond-length
distribution at full coverage leads to highly strained areas within
the NC, which then at least partially act as trap states, as is
documented by the higher spatial localization of the wave
function on the ligands at full coverage in Figure S8.
As for the HOMO−LUMO energies in Figure 5b, the most
distinct diﬀerence seems to be between the partially and fully
covered SiNCs. The band gaps of all four SiNCs are red-shifted
for the full surface coverage when compared to the partial one.
Moreover, in the fully covered SiNCs, the presence of ﬂuorine
atoms in the ligand chains red-shifts the band gap with respect to
the alkyl capping. This eﬀect is likely to be linked to the strain
inhomogeneities caused by these ligands and the consequently
arising traplike states connected with the highly strained areas.
The calculated radiative rates of this series are shown in
Figures S13 and S14. Similar to the case of the charge transfer,
the eﬀects of strain in fully capped SiNCs are reﬂected in the
lifted degeneracy of states, where the higher the distortion of the
original geometry, the more scattered in energy the radiative
rates become. A clear exception to this rule is the fully −CH3capped SiNC, which is highly symmetrical and thus possesses
relatively well-deﬁned degenerate levels.
Figure 5c shows the LUMO−HOMO transition radiative
rates extracted from data in Figures S13 and S14, together with
the average thermalized rates for T = 100 and 300 K. We observe
the most signiﬁcant diﬀerence only between the partial and full
coverages, independent of their character. The highest rates are
achieved for the partially covered −C4F9-, −C4H9-, and −CH3capped SiNCs systems that are all slightly homogeneously
tensile-strained with some positive net charge in the Si core. The
lowest rates are obtained for the fully capped SNCs, especially
for the −CH3 capping. Comparing our results here with those in
a previous study,33 where full −CH3 capping was used as a
starting point and enhanced radiative rate was obtained upon

Figure 5. (color online) Eﬀect of steric hindrance on (a) fuzzy bandstructures in capped SiNCs of −CH3, −CF3, −C4H9, and −C4F9 on the
DOS for partial (50%) and full (100%) surface coverages. Original data
without the EHOMO energy shift are shown in Figure S18b. (b)
HOMO−LUMO transition energy (band gap) and (c) phononless
radiative rates at T = 0 K for the HOMO−LUMO transition and
thermally averaged radiative rates at T = 100 and 300 K. For reference in
(b) and (c) is also shown data for the full capping by −H.

S17e, the cores are inﬂuenced by the diﬀerent cappings in
diﬀerent ways. The methyl −CH3 capping is the one that more
or less keeps the geometry of the H-terminated SiNC, practically
not changing the width of the bond-length distribution and
having just a few outliers outside of the main bond-length
interval. The slightly longer butyl −C4H9 capping, on the other
hand, widens the distribution of bond lengths and at full
coverage transforms the shape of the distribution into almost a

Figure 6. (color online) (a) Explanation of the compressed-violin-plot representation. We start with the calculated zero-temperature radiative rates kjirad
(black points). Clusters of diﬀerent transitions Eji (for various j and i) that have for any reason similar transition energy En ± δE can be represented by a
single-colored line (levels) and indexed by n (e.g., black for n = 1, red for n = 2, and green for n = 3). The radiative rates corresponding to the transitions
from these levels can be drawn as shaded areas with widths proportional to the number of transitions with the same radiative rate (a 90°-rotated
histogram). The violin plot of the transitions from these levels, shown in the middle, is thus equivalent to the data in the red rectangle on the left, except
for the energy axis, which is conveniently rescaled to show all of the existing levels. The energy scale is kept in color-coding. All of the violin plots for the
diﬀerent levels then can be drawn for each temperature in a single column, as shown in the right part of panel (a), forming a compressed-violin-plot
representation. (b, c) Compressed-violin-plot of the thermal evolution of the thermally averaged radiative rates kjirad(T) resolved in energy (color-coded
for the diﬀerent levels) for two examples of diﬀerently sized hydrogen-terminated SiNCs.
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Figure 7. (color online) Compressed-violin-plots of the temperature evolution of the thermally averaged radiative rates, resolved in energy (colorcoded) for several SiNCs with diﬀerent types of passivation.53

how they would appear in spectroscopy.) By plotting the
radiative rates of such “levels” as violin plots, it is possible to
visually summarize the information about the radiative
transitions in a single column of data. This approach can then
be used to demonstrate energy-resolved changes in the radiative
rates with temperature using eq 4 in the form of “compressedviolin-plots”.
This analysis is illustrated by an example of two H-capped
SiNCs in Figure 6. In the larger 2.5 nm-sized SiNC (Figure 6b),
we analyze, e.g., the ﬁrst three energetically close groups of
transitions: (i) several transitions at the lowest HOMO−LUMO
energy (dark gray) and the two clusters of transitions with
energy higher by (ii) 65 meV, corresponding to the energy
diﬀerence between LUMO1 and HOMO0 states (orange); and
(iii) 83 meV, corresponding to energy diﬀerence between
LUMO1 and HOMO1 states (green); see the inset in Figure 6a.
In the corresponding thermally averaged radiative rates, the
lowest energy transitions have the highest radiative rate and
would dominate the light emission. Due to the decreasing
thermal population of these states with increasing temperature,
their thermally averaged radiative rates decrease with increasing
temperature, which is accompanied by a small increase in the
higher-lying radiative transitions. The situation, however, is very
diﬀerent in the smaller 2.0 nm SiNC in Figure 6c, where the
higher transitions dominate above 150 K. As a result, these two
example scenarios would in practice result in a very diﬀerent
thermal behavior of luminescence: whereas with increasing
temperature, the larger SiNC would emit less brightly, the
smaller one will emit more eﬃciently and show a small blue-shift.
Moving onto the ligand-passivated SiNCs from this study,
ﬁrst, we discuss the −CH3 (methyl)-capped SiNCs (Figures 5c
and 7a,b). Similar to the H-cappped SiNCs, the HOMO−
LUMO radiative rate is very low at T = 0 K for both partial and
full cappings. This ineﬀectiveness is not related to an
inhomogeneous strain because, in addition to the high
degeneracy of states, the bond-length histogram in Figure S17
does not signiﬁcantly deviate from that of the H-capped SiNCs.
Interestingly, the radiative rate increases rapidly in the partially
capped SiNC with temperature, thanks to a group of relatively
strong transitions positioned within a few meV from the

further homogeneous tensile straining, we see that it is actually
not only the amount of tensile strain but also its homogeneity
that is important for the desired rate enhancement eﬀect.
To sum up, the main consequence of the full coverage with
ligands is the inhomogeneously distributed strain within the NC,
which lowers the radiative rate of the transition. Thus, in
addition to the mean bond length, also the shape of the
histogram needs to be considered. However, it should be noted
here that the full ligand coverage is unrealistic and would be
prevented by the steric hindrance eﬀects in such small NC
systems.
3.3. Thermal Population of States. Thermal averaging of
radiative rates based on eq 3 is an important step in relating the
computed radiative rates to an experiment. However, eq 3
produces a single value of a thermally averaged radiative rate
⟨krad⟩(T). Since the lowest energy HOMO−LUMO transition is
not necessarily the most eﬃcient, it is interesting to examine in
more detail what constitutes this averaged value at diﬀerent
temperatures. Therefore, we examine also the thermally
averaged radiative rate resolved in energy for diﬀerent
temperatures
ji
k rad
(T ) =

ji −Eji / kBT
k rad
e

∑i , j e−Eji / kBT

(4)

This formula is a trivial decomposition of the sum in eq 3 to its
constituents, where ∑i,jkjirad(T) = ⟨krad⟩(T). To visualize these
components of the thermally averaged radiative rates, we apply a
“compressed-violin-plot” representation explained in Figure 6a.
Violin plots52 are typically used to represent a distribution of
parameters as shaded areas, where the width of the area
corresponds to the number of cases having that particular value
similar to a histogram. Often, as a result of broken symmetry and
lowered degeneracy (or even pure coincidence), several
transitions Eji with diﬀerent initial |j⟩ and ﬁnal |i⟩ states can
have a very similar transition energy En ± δE (see color-coded
examples in Figure 6a). In some cases, the δE is so small (1−2
meV) that we can think of such a group of states as a single
“degenerate level”.53 (We would like to note that this term has
nothing to do with their diﬀerent |j⟩ → |i⟩ origins but more with
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is lowered when compared to the nonthermally averaged value
because of its insuﬃcient thermal population (106 without
thermal averaging vs 7500 at 250 K). Nonetheless, the thermal
population of these levels causes an increase of the overall rates
at a certain temperature (the gray curve in Figure S16a). This
type of temperature-related increase can also be found in the
thermally averaged rates of the SiNC systems from this study
(Figure S16b).
However, we want to stress here that the presented results are
in no way connected to or imply a slowed-down thermalization
process because slowed-down thermalization would actually
require transitions from higher-than-thermalized states. Thermalizing carriers lose their energy until they reach a state in a
thermal (quasi-)equilibrium with the system, which is
represented by the thermally populated levels at a given
temperature discussed here. Thus, the thermal threshold in
SiNCs can lie higher than the kBT estimate, which is an analogy
transferred from the standard solid-state physics of a bulk
material and the corresponding Fermi−Dirac distribution inside
a band. Such a solid-state analogy is clearly not a correct
description of a small NC.
To sum up, we put forth the observation that the thermal
averaging and analysis of its energy decomposition is a very
important step in understanding the relation of the theoretical
calculation to an experiment. In the current study, the thermally
averaged radiative rates generally rise with increasing temperature as more levels with higher radiative rates start to participate
in the emission, in agreement with the experiment.54 Moreover,
the inhomogeneously distributed strain within the NC appears
to be correlated with the quenching of the lowest LUMO−
HOMO transition and, on the contrary, the presence of ﬂuorine
atoms in the ligand strongly enhances preferentially the very
lowest LUMO−HOMO transition.

LUMO−HOMO transition, which are populated at higher
temperatures. An interesting peculiarity of the fully methylcapped SiNC system is the transition from a relatively high-lying
state, 100 meV above LUMO, which becomes dominant at
room temperature (Figure 7b), implying its relatively high
strength before thermal averaging. The high strength of this
transition can be correlated with a higher DOS contribution of
this state at the Γ point (Figure 5a), i.e., this transition is more
“direct” in terms of the electron−hole wave-function overlap in
⃗
the k-space,
as is expected from the inﬂuence of tensile strain.33
In the partly −C4H9 (butyl)-capped SiNCs (Figure 7e),
analogically to the H-capped one of the same size (Figure 6c), it
is the energetically higher transitions that become dominant at
elevated temperatures. This agrees well with the fact that there is
very little geometric distortion (hydrostatic and inhomogeneous
strains) caused by this ligand. Also, it implies increased emission
eﬃciency at higher temperatures and possible spectral changes
at around >50 K, in excellent agreement with the experiment on
butyl-capped SiNCs.54
As the hydrogen atoms in the butyl chain are gradually
replaced with the electronegative ﬂuorine atoms (Figure S15),
the lower LUMO−HOMO transition strengthens and becomes
dominant in the partially −C4F9- and −CF3-capped SiNCs
(Figure 7c,g). This emergence of a strong LUMO−HOMO
transition explains the decreasing strengths of the thermally
averaged radiative rates in these ﬂuorine-containing ligands with
temperature in Figure 5c. Conversely, the fact that the
transitions from higher levels are dominating at elevated
temperatures in the partially butyl-capped SiNC is responsible
for the observed increase of the thermally averaged radiative
rates of this SiNC model with increasing temperature.
Full capping for all of the ligands shows the decreasing role of
the HOMO−LUMO transition at higher temperatures at which
the energetically higher transitions dominate.
Dominance of transitions from energetically higher states at
elevated temperatures is generally an important observation
from Figure 7. The thermal averaging from eqs 3 and 4 is a
product of the strength of the transition and the exponential
Boltzmann factor describing the thermal population of the
states, which makes the product extremely sensitive to a
particular combination of the strength of the transition and its
energetic position. This can be formalized in the form of a
th
thermal threshold factor k rad
(T , ΔE) = eΔE / kBT . This factor
allows us to determine which of the higher-lying states will
signiﬁcantly contribute to the light emission at higher temperatures, or it can be seen as an indication of how strong a
transition needs to be, relative to the LUMO−HOMO
transition before the thermal averaging, to obtain the same
strength after the thermal averaging at a given temperature. For
example, a radiative rate of a transition that is ΔE = 100 meV
above the LUMO at room temperature T = 300 K would have to
be about kth
rad (300 K, 100 meV) = 50× higher to have roughly the
same strength after thermal averaging. This radiative threshold
kth
rad can serve as a “rule of thumb” to decide which states
contribute considerably to the thermal averaging at a given
temperature, instead of the traditional kBT estimate.
An illustration of how the thermal population of states can
inﬂuence the overall rates is shown in Figure S16a. Here, we
designed a simple, illustrative hypothetical three-level system
with two levels at ΔE = 30 and 100 meV above the LUMO−
HOMO transition. Already around 200 K, the higher level
dominates the radiative transition, even though its radiative rate

4. CONCLUSIONS
In this work, we theoretically address the inﬂuence of covalently
bonded ligands on the k-proﬁle of the electronic states and
radiative rates of SiNCs via several separate channels: (i) charge
transfer, (ii) strain, (iii) orbital delocalization/distribution, and
(iv) thermal population of states. To separate these eﬀects, we
use a ∼2 nm large SiNC with C-linked carbon and ﬂuorocarbon
ligand chains with diﬀerent surface coverages. Our results
demonstrate that the electronic properties and speciﬁcally the
radiative rates in such covalently bonded SiNCs are inﬂuenced
considerably by the ligands and are a result of a complex
interplay of these eﬀects.
First, as a result of the lower symmetry, we notice a clear
divergence from the bulk Si degeneracy of the energy levels
already in the “reference” H-capped SiNC system. This is further
enhanced by attachment of the ligands. Second, we observe that
the fraction of DOS contributed by the ligand atoms is higher for
C-linked ligands with respect to H capping and, with increasing
electronegativity, this contribution of ligands to HOMO slightly
decreases and the contribution to LUMO increases. However,
the investigated ligands do not act as traplike states. Also, we ﬁnd
that the conﬁnement of carriers in the SiNCs with C-linked
ligands is generally weaker than that for H-capped SiNCs of the
same size due to a slight delocalization of the wave functions into
the ligand shell. This is reﬂected in the more “bulk-like” patterns
in the fuzzy band-structure of the SiNCs with C-linked ligands.
Next, electronegative ligands induce an enhancement of the
radiative rates with respect to H-capped SiNCs and the radiative
rates further increase with increasing electronegativity. This
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enhancement is not correlated with an enhanced DOS at the Γ
point for the LUMO state. Instead, we see an enhanced DOS at
the X point for the HOMO state, which is similarly beneﬁcial for
the radiative rates. Concerning the strain induced by steric
hindrance in fully capped SiNCs, we ﬁnd the radiative rates to be
reduced by the corresponding strain inhomogeneities. Thus, in
addition to the beneﬁcial hydrostatic tensile strain, it is also its
homogeneity that is important for the radiative rate improvement in SiNCs. Last but not the least, using a proposed
formalism for visualizing the energy-resolved thermally averaged
rates, we ﬁnd that in many systems it is in fact the higher states
with higher radiative rates that dominate the radiative process at
higher temperatures.
In general, we demonstrate that compared to the reference Hcapped SiNC system, C-linked ligands do improve the radiative
rates and more so for more electronegative ligands. The highest
radiative rates are found for 50% covered −C4F9, −CH3, and
−C4H9 SiNCs. It is clear that due to the originally indirect band
gap of silicon, the radiative rate is strongly inﬂuenced by changes
in symmetry, chemical composition of ligands, and strain.
Besides the parameters studied here, we suggest two additional
eﬀects, which can lead to even further enhancement of radiative
rates: (i) partial oxidation of the surface, especially with
involvement of Si-OH;32 and (ii) the inﬂuence of phonons.55
Further eﬀects that were not involved in this study and could
have strong eﬀects on the radiative rate might include
crystallinity/disorder eﬀects, elongated/ﬂattened SiNC shapes,
or facet-selective ligand attachments. However, the discussion of
these eﬀects in detail is beyond the scope of the current study
and it is a topic for further research.
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