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ABSTRACT: Density functional theory calculations and .

theoretical representations of the density of states (DOS) 8187F48H28

were undertaken in order to understand the electronic -

properties o.f silicon nanocrystals (Si—n'c), when partia'lly ;;‘g" 53 ,,; | 3% aj‘d ) ;

passivated with Cl and F. Effects relating to cluster size RS ST e 8 sum

(Sipg, Sizs, and Sig;), type, and percentages of halogen surface ,’ :f 2 8 €] % el &

passivant, concerning both the cluster gap and electron- Ll R W) A q0 5 0 3
Tepe . woe @ Energy (eV)

donor—acceptor capabilities, were analyzed. These calculations

indicate that as the percentage of Cl and F substitution Structure HOMO DOS

increases, the energy of the LUMO decreases, and
consequently, the HOMO—LUMO gap decreases. Corre-

spondingly, we found that the high-electronegativity substituent Cl and F atoms produce the appearance of shoulders in the DOS
band edges, thus reducing the band gap. These results explain the photoluminescent experimental data reported for Si-nc. The
evaluation of the electrodonating and electroaccepting powers of Si-nc partially passivated with CI and F indicates that Si-nc have
potential applications for bulk heterojunction solar cells and electroluminescent devices.

B INTRODUCTION

The investigation of silicon nanocrystals (Si-nc) embedded in
thin films of a variety of silicon compounds such as silicon
oxide (SiO,),'”” hydrogenated silicon nitride (SiN,:H),*"*
chlorinated silicon nitride (SiN,:Cl),"*”"® hydrogenated
polymorphous silicon (pm-Si:H),””*' and hydrogenated
polymorphous silicon carbon (pm-Si;,C,:H)** has attracted
increasing interest motivated by their luminescent, optical, and
electronic properties which may be expedient for optoelec-
tronic and photonic applications. Although there is consensus
that the quantum confinement effect (QCE) in the Si-nc plays
a crucial role in determining their optoelectronic properties,
many of these experimental results show that passivation of Si-
nc and the chemical environment of the surrounding matrix
may significantly influence the structural stability and
optoelectronic properties of these nanocryst-
als 1m37-12,1415,17-22

The electronic and optical properties of Si-nc have also been
investigated theoretically, using different methods and approx-
imations. Most of the theoretical calculations of the electronic
structure of Si-nc have been performed on hydrogen-passivated
Si-nc, and these have indicated that the HOMO—LUMO gap,
ie, the energy difference between the HOMO (highest
occupied molecular orbital) and the LUMO (lowest
unoccupied molecular orbital) increases, as the size of the Si-
nc decreases, in conformity with the QCE.”'***7** Some of
these theoretical reports indicate that a gap reduction of more
than 1 eV arises in fully hydrogenated-small Si-nc (Si;sHjye)
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when two hydrogen atoms are replaced by double-bonded
oxygen (O) or sulfur (S), or a single hydrogen atom is replaced
by single-bonded CH, or a single bridged-nitrogen atom (to
form Siy;H;,0, SizsHy,S, SizH3CH,, or SizsHyNH nano-
clusters, respectively).”'%*”**3% Other interesting results
derived from theoretical analysis indicate that the substitution
of a single surface hydrogen atom by a single electronegative
passivant such as chlorine or fluorine (to form Si;sH,,Cl or
SissHa,F, respectively) has little effect on the Si-nc gap (with a
reduction of only 0.1—0.2 eV).**° The reduction of the gap is
also minimal (~0.1 eV) when a single hydrogen atom at the
surface of the Si-nc is replaced by OH to form SiysH;,OH.
However, when the Si-nc surface is completely passivated with
OH, to form Siy; (OH)s, the gap becomes considerably
smaller (by ~2.3 ev).!

Motivated by these studies and considering the fact that the
use of halogen-containing gases has become attractive for the
preparation of silicon nanocrystals with stable luminescent and
electronic properties,'*'®'? in a previous work we reported the
HOMO-LUMO gap of Si-nc, when the surface was completely
passivated with chlorine and nitrogen. We found that the gaps
for SiyClys (3.3 eV) and Si;s(NH,)s (3.2 eV) were
significantly smaller than the gap for SiysHys (5.1 €V).>* We
also discovered that the charge transfer capacity of Si-nc where
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the surface was completely passivated with chlorine or nitrogen
became modified in opposite directions with respect to
hydrogen passivated Si-nc, acting as good electron acceptors
when Cl atoms are present and good electron donors when
NH, passivation occurs.>® All of the previously presented
calculations provided valuable information for understanding
the effect of surface passivation or surface chemistry, on the
electronic and optical properties of Si-nc.

In order to evolve an improved model for the experimental
results that are obtained under different experimental
con(iitions,2’15’16’35 it is important to use different passivants
(for example H, C, F, or N) and likewise vary the amounts of
substitution. In a recent theoretical study, the HOMO—-LUMO
gap for Si-nc with different percentages of surface Cl coverage
(ranging from one Cl atom up to 25, 50, 89, or 100% of Cl)
was calculated,® in order to study the electronic and optical
properties of Cl- incorporated on Si-nc, taking into account
possible variations in experimental conditions. In spite of these
results, there are no theoretical studies for systems with F as
substituent and neither are there for the analysis of the electron
donor—acceptor capacity of these clusters, either with or
without halogen substitution. For this reason, in this work we
present the HOMO—LUMO gap and the results of the charge
transfer capacity of Si-nc passivated with different percentages
of chlorine (Cl) and fluorine (F), using a method indicating
values for HOMO—LUMO gaps which correlates quite well
with the experimental results measured by photoluminescence
and electroluminescence.’® As the evaluation of the charge
transfer capacity is imﬁortant for the design of bulk
heterojunction solar cells’” and electroluminescent devices,"®
we also calculated properties, such as the electrodonating and
electroaccepting powers of Si-nc when they were partially
passivated with Cl and F. In order to obtain information about
the influence of the electronegativity of the substituent atom on
the specific form of the band edges (occupied and unoccupied
states), the theoretical representations of the density of states
(DOS) are presented for the systems studied in this
investigation. These results are directly related to the optical
and electronic transitions of these systems, and potential
applications in photovoltaic devices are also discussed.

B THEORETICAL CALCULATIONS

Density functional approximation®*™* as implemented in

Gaussian 09*' was used in all calculations. Full geometry
optimizations without symmetry constraints were obtained,
with the three parameter hybrid functional within the density
functional theory (DFT) framework,* applying Perdew and
Wang’s 1991 gradient-corrected correlation functional®?
(B3PW91) and the 6-31G(d,p) basis set.** The starting point
consisted of three different size clusters (Siyg, Siys, and Sig,)
which were constructed maintaining the crystalline silicon
structural behavior. The symmetry was maintained as T, and 6-
member boat type rings. Consequently, at the surface we only
had Si—H and Si—H, terminations which changed with the size
of the cluster. Different initial geometries were used for the
geometry optimization, taking into account that there are two
possible replacements for the H atoms: coming from the
terminal silicon atoms that are bonded to a single hydrogen
atom (Si—H) or coming from the silicon atoms that are bonded
to two H atoms (Si—H,). This study was carried out
considering both possibilities; namely Si—L, Si—L,, and also
L—Si—H (L = F or Cl). In all cases, symmetry was maintained.
Following optimization, it was apparent that the substituted
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structures were slightly distorted, when compared to the
corresponding structures with hydrogen atoms. Other
structures with random substitution of the H atoms were also
calculated, but the resulting structures were less stable due to
loss of symmetry. The Connolly surface was used to estimate
the size of the Si-nc.** Vertical ionization energy (I) and vertical
electron affinity (A) were assessed, using single point energy
calculations for the cation and the anion, with the optimized
structure of the corresponding neutrals.

The Density of States (DOS) for all systems being studied
was obtained in the framework of DFT-GGA, utilizing the
PW91 exchange and correlation functional. The core electrons
were described using ultrasoft Vanderbilt pseudopotentials*
within the CASTEP code,*”*® as implemented in the Materials
Studio software suite. The kinetic energy cutoff for the plane-
wave basis set was 300 eV. The Brillouin zone was sampled
with a highly converged set of k points in accordance with the
Monkhorst Pack scheme.*” The cluster geometry corresponds
to the optimized Gaussian structure described above. Clusters
were then placed in a cubic simulation cell with periodic
boundary conditions. The size of the simulation cell was chosen
so that the distance between the cluster and its replica (due to
the periodic boundary conditions) exceeded 10 A. Taking this
into account, interactions between the clusters and their
replicas are negligible.

B RESULTS AND DISCUSSION

Structural Results. Three main issues are analyzed in this
paper which may influence the HOMO—LUMO gap and the
electron donor—acceptor capabilities: the size of the cluster
(Siyg, Sizs and Sig,), the substituent atom (F and Cl) and the
percentage of substitution (0%, 32—37%, 63—67%, 100%). The
amount of substitution on the Si-nc and the corresponding
chemical formulas are presented in Table 1. L represents F or
Cl and « is the percentage of substitution of the H atoms at the
surface.

Table 1. Percentages of Substitution on the Si-nc and the
Corresponding Chemical Formulas Are Presented, where L
is F or Cl

x = 0% SiyoHs6 SizsHsg Sig;H6
x = 32-37% SigeL1yHyy SizsLipHyy Sig7LagHyg
x = 63—67% SiyLosHi, SigsLosHi, SigsLygHyg
x = 100% N N Sig;L76

All structures were fully optimized starting from different
initial geometries. The calculated diameters of the resulting Si-
nc are 1.17, 1.22, and 1.66 nm for fully hydrogenated Siy, Siss
and Sig;, respectively. This diameter increases when H atoms
are substituted by F or Cl due to the larger size of the halogen
atoms in comparison with the H atom. For systems where
100% substitution takes place, the diameter increases by 0.07
and 0.22 nm, when the substituent is F or Cl respectively. It is
worth mentioning that the sizes of these Si-nc correspond to
the lowest possible limit which can be obtained experimen-
tally.>'” In Figure 1, the optimized structure for Sig;Hs is
presented as an example. It shows T; symmetry with the
terminal silicon atoms bonded to either one or two hydrogen
atoms. Similar structures were constructed for the other clusters
and coordinates are reported as Supporting Information.

HOMO-LUMO Gap and the Density of States (DOS). It

is possible to analyze the size and the substituent effects on the
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Figure 1. Optimized structure of Sig;H,s (B3PW91/6-31G(d,p)) is
presented.

HOMO-LUMO gap, taking the results reported in Figure 2.
Predictably, as a result of the QCE for completely hydro-
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Figure 2. HOMO—-LUMO gaps for all optimized structures with
partial substitution of superficial H atoms ranging between 0% and
100% are presented.

genated systems (x = 0%), the HOMO—LUMO gap decreases,
as the size of the Si-nc increases. This effect disappears
gradually as the percentage of substitutions increases. From
these results, it is possible to conclude that when H atoms are
totally replaced by F or Cl, the influence of the substitution on
the HOMO—LUMO gap is stronger than the effect of the size
of the system, and apparently the QCE is masked. In order to
have the smallest HOMO—LUMO gap for opto-electronic
applications in the visible spectral range, the optimal percentage

of substitution for Sig; is 33—37% and 100%. For Si;5 and Siy,
the most favorable substitution for producing the smallest
HOMO-LUMO gap is 100%. It is noteworthy that our gap
calculations correlate quite well with experimental data. For
instance, optical absorption gaps of around 4 eV have been
measured from transmittance spectra in silicon nitride thin
films containing Si-nc, partially passivated with Cl and likewise
photoluminescence peaks of around 3.2 eV have been
identified, associated with Si-nc with diameters measuring
around 1 nm."”

In order to have insight concerning the effects responsible for
the decline in the HOMO-LUMO gap, we analyzed the
corresponding eigenvalues and the DOS for all clusters. The
eigenvalues of the HOMO and the LUMO are presented in
Table 2. These values correlate with the percentage of
substitution. Generally, as the amount of F and Cl increases,
the eigenvalues decrease. The only exception is in the case of
the LUMO value for Sig;F,sH,5. All systems present the lowest
eigenvalues in the instance when total substitution is
implemented (100%). The presence of F or Cl modifies the
energy of the LUMO more than it does the energy of the
HOMO. More than 2 eV of difference exists between the
LUMO values of Si-nc passivated with hydrogen atoms and Si-
nc passivated with F or Cl, whereas the difference in the
HOMO values is close to 1 eV. This means that the electron
affinity for the substituted cluster is increasing along with the
percentage of substitution, whereas the ionization energy
remains more or less constant. This is a logical finding due
to the high electron affinity of F and CI when compared to the
electron affinity of the H atom. These results also indicate that
the main reason for the reduction in the HOMO—-LUMO gap
is the decrease in the energy pertaining to the LUMO.

Figure 3 presents the HOMO—LUMO orbitals and the
density of states (DOS) of Sig;, with different percentages of
substitution. All the molecular orbitals presented in this figure
represent bonding orbitals between silicon atoms. The shape of
the LUMO orbital is quite similar for all the systems shown in
the figure. The principal difference is found in the case of the
HOMO orbital, which is situated inside the cluster if there are
no F atoms present and at the surface of the cluster if all the H
atoms are substituted by F atoms. This means that an excited
electron will go from an external molecular orbital (HOMO) to
an internal molecular orbital (LUMO). Since both HOMO and
LUMO are Si—Si bonding orbitals, no modifications in the
geometry are expected from the excitation. The major
difference will concern electron density. In the case of the
fully hydrogenated cluster, the electron transfer occurs in the
same region as both, HOMO and LUMO, are within the
cluster. Contrastingly, for clusters with F passivation, the
electronic transfer occurs from the orbitals at the surface of the
cluster (HOMO) to the orbitals within the cluster (LUMO).

Table 2. Eigenvalues of the HOMO and the LUMO (eV)

Sig, HOMO LUMO Siss
Hys —62 -23 Hys
FogHyg -7.1 37 F,H,,
FyoH,, 72 -34 FpH,,
Fos 7.9 4.8 Fis

Clj,Hy,
ClL,H,,
Cls

HOMO LUMO Siyg HOMO LUMO
—6.8 -17 Hy —6.9 -17
-7.1 -2.3 F,H,, -7.3 -3.1
—7.6 —4.2 F,,H,, -7.6 -33
—8.0 —4.8 Fy -7.8 —4.5
=73 -2.6 Cl,Hy, -7.4 =31
—7.6 —4.0 CL,H,, —7.6 —-3.6
=77 —4.4 Clyg -7.8 —42
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Figure 3. HOMO and LUMO orbitals and DOS of Sig;-nc with different percents of F substitution. The appearance of shoulders in the band edges

of the DOS is indicated by arrows.

Clusters with halogen substitution will show a modification in
terms of electron density for the HOMO—LUMO electronic
transitions which is an important difference when compared to
systems with H. The experimental consequences of this fact
may be associated with different radiative recombination
probabilities (generally associated with HOMO-LUMO
electronic transitions) and thus different recombination
lifetimes in fully or partially halogenated clusters with respect
to fully hydrogenated ones. Evidently, this may represent an
important area, requiring further study."®

The differences in electron density as a function of the
percentage of F substitution can be better understood with the
DOS representation displayed in Figure 3. The valence band is
shifted to lower energy values as the halogen concentration
increases as a consequence of the halogen’s electronegativity.
This is evident in two aspects: (i) the deformation of the band
edges resulting in the appearance of shoulders that reduce the
band gap and (ii) the appearance of intense peaks around —5$
eV corresponding to the p orbitals of the halogen. These peaks
increase in intensity with increasing halogen substitution (note
the scales in the DOS graphs in Figure 3). The deformation of
the band edges corresponds with the observed trends of the
HOMO-LUMO gap reported in Figure 2, and the LUMO
eigenvalues displayed in Table 2. The fully hydrogenated
cluster has sharp band edges and its gap is larger than the gaps
of the clusters with different percentages of F substitution. For
the cluster with 37% of substitution and the fully substituted
cluster, a shoulder appears in the unoccupied states region
(indicated by the arrows in Figure 3). This result correlates
quite well with the observed decrease in the HOMO—-LUMO
gaps reported in Figure 2. Sig; with 63% of substitution displays
sharp band edges, increasing the gap for this cluster. To explain
this trend, it is important to notice that when the percentage of

passivation is 37%, the F substitution was carried out for silicon
atoms which were bonded to a single H atom. Contrastingly, in
order to obtain 63% of passivation, substitution was undertaken
for silicon atoms that were bonded to two H atoms. The
asymmetry of the charge distribution of the silicon atoms at the
surface is responsible for the appearance of the shoulder in the
unoccupied states of the DOS. This asymmetry is more
pronounced where there is only one F substitution, than when
there are two F substitutions in the same Si atom at the surface.
The same trend was observed for all of the systems studied in
this work.

In order to analyze the effect of electronegativity on the
shape of the DOS, Figure 4 illustrates the case of the Sis
cluster, passivated with F, Cl, and H, respectively. There is a
small shoulder indicated by an arrow which is induced by the
presence of F or Cl. This deformation of the band edges is
responsible for the smaller gap observed for all the fully
halogenated clusters, regardless of their size. Also, in this case
there is a pronounced peak in the DOS when F or Cl is present.
This peak is more intense and appears at lower energies in the
case of the more electronegative passivant (F). From these
observations, it is possible to infer that the effect of the
electronegativity of the substituent is to shift the electronic
states to lower energies. This produces a deformation of the
band edges that will influence the optical and electronic
properties of these systems. This phenomenon is similar to the
effect of doping and/or stress, which have both been observed
to similarly deform the DOS in theoretical calculations and
experimental measurements, as well.>*~>>

Electron Donor—Acceptor Properties: Photovoltaic
Cells. The simplest photovoltaic device is based on a bulk-
heterojunction architecture of two semiconductor compounds:

< » « »

one is “n” type (an electron donor) and the other one is “p
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Figure 4. DOS of Siss- nc passivated with F, Cl, and H, respectively.
The effect of the electronegativity of the halogen passivation is evident
in the shoulder that appears in the band edges (indicated by the

arrows).

type (an electron acceptor). The photovoltaic process begins
with light absorption and ends with charge transport to the
electrodes. In terms of the absorption of light, the value of the
HOMO-LUMO gap is crucial. In order to have photovoltaic
materials for the construction of solar cells, the HOMO—
LUMO gap of the electron donor has to be around 2 eV as this
corresponds to the maximum in the solar radiation energy
spectrum. Also, it is well-known that in order to facilitate the
charge transport to the electrodes in a solar cell, it is necessary
to have an electron donor with low ionization energy and an
electron acceptor with high electron affinity.

A useful way of measuring electrodonating and electro-
accepting powers has recently been described by Gazquez et
al®> They established a simple charge-transfer model and
analyzed the global response of a molecule immersed in an
idealized environment that may either withdraw or donate
charge. An alternative quadratic interpolation for the energy as
a function of the number of electrons was proposed, in order to
evaluate the response of a molecule to charge acceptance or
withdrawal, in terms of its electron affinity and ionization
potential. Referring to this approximation, these authors
conclude that the propensity to donate charge, or electro-
donating power may be defined as

_ 31+ Ay

©16(1 - A) (1)

whereas, the propensity to accept charge, or electroaccepting
power, may be defined as

2
I+ 3A
0)+_(+3)

T 16(1 - A) )

In the case of electrodonating power, lower values imply a
greater capacity for donating charge. In the case of electro-
accepting power, higher values imply a greater capacity for
accepting charge. The electrodonating and electroaccepting
powers are based on a simple charge transfer model, expressed
in terms of chemical potential and hardness. Chemical potential
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measures the charge flow direction, together with the capacity
to donate or accept charge, assigning more emphasis to
ionization potential than to electron affinity in the context of
the charge donation process. Contrarily, electroaccepting power
assigns more significance to electron affinity than to ionization
potential. Hardness assesses resistance to the electron flow.
Hardness is defined as the energy difference between I and A.
Following Koopmans’s theorem, I and A are approximated with
the absolute value of the energy of the HOMO and the
absolute value of the LUMO, respectively. In this approx-
imation, hardness represents the HOMO—LUMO gap. As the
HOMO-LUMO gap is important in the design of photovoltaic
cells, thus hardness is also important for this application.
Following these ideas, it is possible to contemplate @- and w+
as good indexes for evaluating materials in terms of their
capacity as either electron donors or acceptors, and also for
correlating these values with their photovoltaic cell perform-
ance. Table 3 reports I and A for all systems being studied. In

Table 3. Ionization Energy (I) and Electron Affinity (A)
Reported in eV

Sig, I A Siys I A Siyg I A
Ho 69 16 Hy 77 08  Hy 79 07
FyH,s 7.8 30  FpH,, 81 14 FpH,, 90 15
FisHy 80 26 FuH, 86 33 F,H, 86 23
Fog 86 41  Fy 9.0 39 Fy 89 36
Cl,H,, 82 18 Cl,H,, 83 36
Cl,H, 84 32 ClLH, 85 36
Clyg 8.6 3.6 Clyg 8.6 34
14
A S29FH:
A Si29C M—’;_\‘ I:IIOO% [ }
O Si35FxHy
B Si35CIxHy AM
@ Si87FxHy 33-37%
—~ .67
% A ® 63-67%
37 B0 G
3 o~ " bad donor
O " 3357% i
~ bad acceptor
2ood donor
0 or T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
o+ (eV)

Figure S. Electron acceptor power (@*) and electron donator power
(w™) are presented.

Figure S, we include @~ and @' in order to facilitate the
analysis. These values indicate that both size and substituent
have an effect on the capacity of Si-nc to either accept or
donate charge. The electron affinity increases as the size of the
system augments, and systems without H atoms (100% of
substitution) have more or less the same ionization energies
and similar electron affinities. These systems represent the best
electron acceptors and the worse electron donors, as can be
expected due to the high electron affinity of F and Cl. On the
other hand, systems with 0% of substitution represent better
electron donors and worse electron acceptors than systems
with F or Cl, and the largest system (Sig;) constitutes the best
electron donor and the best electron acceptor. This is in
agreement with HOMO and LUMO values, given that Sig,
presents the highest HOMO and the lowest LUMO. Generally,
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the clusters become better electron acceptors and worse
electron donors as the percentage of substitution increases. The
only exception is Sig;F,gHg. This system represents a better
electron acceptor and better electron donor than Sig/FH,g
which possibly relates to the asymmetry in the charge
distribution of the Si atoms on the surface when substituting
either one or two hydrogen atoms, as was discussed before.
Similar results were found and are reported in Figure §
concerning electrodonating and electroaccepting powers and
these are useful for determining whether the system will act as a
donor or as an acceptor. As indicated in the same figure,
systems located at the top right are good electron acceptors and
bad electron donors, and those situated at the bottom left are
good electron donors and bad electron acceptors.

For Si-nc substituted 100% with F or CI, the most probable
interaction will be with an electron donor as these are good
electron acceptors (“p” type if we use the terms commonly
applied to semiconductors). Contrarily, systems with no
substitution are good electron donors (“n” type in semi-
conductors) and they will interact with good electron acceptors.
Therefore, if we have Si-nc with different passivations, they
would probably act as “p” or “n” semiconductors, depending on
the percentage and type of substitution. This analysis indicates
that arrays of Si-nc with different passivations may provide
building blocks for opto-electronic devices of the p—n junction
type, for example photovoltaic cells or electroluminescent
devices."”**

Si-nc systems are good candidates for applications in
photovoltaic cells since the HOMO—-LUMO gap can be
tuned to the size of the system. This can be used in tandem
solar cells where the absorption of light is more efficient than in
conventional photovoltaic devices.>* From the results obtained
in this investigation, it can be concluded that the type of
passivation plays an important role, both in terms of the
absorption of light, as well as concerning the electron-donor—
acceptor capabilities of the system. Light absorption is affected
by the deformation of the DOS band edges, due to the
presence of halogens at the surface. Consequently, the gap
reduction caused by surface passivation has to be taken into
account, along with QCE. Moreover, the electroaccepting and
electrodonating powers of the system are also influenced by the
presence of halogens. In order to improve electron affinity,
passivation with F or Cl is crucial, as these systems have the
highest capacity for accepting electrons and may represent a “p”
type material. Completely hydrogenated systems would fulfill
the role of “n” type materials needed to form the
heterojunction that is required for photovoltaic devices.

B CONCLUSIONS

The electronic properties of silicon clusters were explored as a
function of three different material properties: the size of the
cluster; the substitution of superficial hydrogen atoms by more
electronegative atoms (F or Cl); and the percentage of
substitution (0%, 32—37%, 63—67%, and 100%). The
HOMO-LUMO gap decreased with increasing cluster size,
as predicted by QCE for fully hydrogenated clusters.
Contrastingly, in the case of fully halogenated Si-nc, the QCE
is masked and the HOMO—LUMO gaps have similar values
even when the cluster size varies. Analyzing the HOMO-—
LUMO eigenvalues and calculating the DOS of the systems
made it evident that the LUMO is shifted to lower energy
values due to the electronegativity of the substituents and that
this is reinforced by the appearance of a shoulder at the band
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edges of the DOS. Moreover, the occupied states of the DOS
are also shifted to lower energies. This shift increases with the
percentage of substitution and the electronegativity of the
substituent. It was also found that the shoulder of the band
edges was related to the asymmetry of the charge distribution
on the surface silicon atom, caused by halogen substitution. On
the other hand, the analysis of the HOMO and LUMO
molecular orbitals exhibits another important difference
between fully hydrogenated clusters and substituted clusters.
In the first case, both the HOMO and the LUMO are situated
inside of the cluster whereas in the latter case, the HOMO is
situated at the surface of the cluster and the LUMO is inside.
This may have different implications in terms of the HOMO—
LUMO transition dynamics for fully hydrogenated systems, as
compared with substituted ones. Finally, the electrodonating
and electroaccepting powers make it possible to classify the
differently passivated systems as either electron donors or
electron acceptors. This has important applications for the
charge transport process of devices from these materials, in
particular, p—n junctions or photovoltaic cells.
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