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Electronic Structure of Silicon Nanocrystals Passivated with Nitrogen and Chlorine
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The electronic structure of small (~1 nm) silicon nanocrystals passivated with nitrogen and chlorine is explored
using density funcional theory calculations. The HOMO—LUMO gap of 3.2 and 3.3 eV, calculated for the
fully nitrogen [Si3;s(NH,)36] and chlorine passivated (Si3;sClsg) nanocrystals, respectively, correlate quite well
with experimental observations describing the blue and/or white photoluminescence and electroluminescence
of silicon nanocrystals, embedded in chlorinated silicon nitride films. On the other hand, the ionization energy
and the electron affinity allow us to study the electron transfer properties of these systems. The charge-
transfer capacity of these nanocrystals is modified in opposite directions with respect to hydrogen-passivated
nanocrystals, becoming good electron acceptors with Cl passivation and good electron donors with NH,

passivation.

I. Introduction

The study and control of the electronic structure of silicon
nanocrystals (Si-nc) embedded in different silicon-based di-
electric matrices has become very important for the development
of low-cost optoelectronic devices. Some theoretical and
experimental works indicate that the energy and efficiency of
the photoluminescent emission of the Si-nc can be controlled
by reducing their size, according to the quantum confinement
effect.!”* However, other experimental works show that the
color and efficiency of their luminescent emission depends on
the passivation of the surface of the Si-nc.*"!! For instance, in
the case of Si-nc embedded in silicon dioxide thin films, which
are expected to be mainly passivated with O atoms, photolu-
minescence is typically limited to a near-infrared and red region
(1.4—1.8 eV or 886—689 nm).*’ In the case of Si-nc embedded
in hydrogenated silicon nitride thin films, intense visible
emission from infrared (1.38 eV) to blue-violet (3.02 eV) can
be obtained, depending on the growth and/or postdeposition
conditions.2”*%7 In spite of this, in this case it is not clear
whether the ability of the as-deposited films to emit blue light
is due to N or H passivation of the Si-nc surface, and this issue
is still subject to speculation and controversy.***7 Si-nc
embedded in chlorinated silicon nitride thin films have also been
shown to have efficient photoluminescence in the red (1.8 eV)
to blue-violet (3.1 eV) region, and this even improves with
thermal annealing.®!>~1* Although in this case the Si-nc can be
passivated with H, N, or Cl atoms, it has been previously
speculated that their good photoluminescent properties are due
to the passivation with N and/or CL.'>13 However, theoretical
calculations are required to support the validity of this hypothesis.

Most of the theoretical studies used to explain the experi-
mental results on the photoluminescent properties of silicon
nanoclusters embedded in thin films or in porous silicon are
based on the calculation of the electronic structure and optical
properties of silicon nanoclusters in vacuum and with atomic
hydrogen as the main surface passivant.'>26 These theoretical
works have shown that when the surface of Si-nc is completely
passivated with hydrogen, the HOMO—LUMO gap increases
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in conformity with the quantum confinement effect, and
consequently, their photoluminescence can be tuned from near-
infrared to ultraviolet by decreasing the size of the nanoclusters.
Some calculations made for small (~1 nm), fully hydrogenated
Si-nc, such as Si3sHsg, have indicated that the HOMO—LUMO
gap decreases significantly when the H atoms of the Si-nc
surface are partially replaced with double bonded O to form
Si3sH34,0%°722 or totally replaced with OH groups to form
Sizs(OH)3.2 In the first case, the HOMO—LUMO gap de-
creased from 3.4 eV for the Siz;sHje nanocrystal to 2.1—2.2 eV
for SizsH340, and on the basis of these results, the authors
explained why the upper limit of the emission energy of Si-nc
passivated with oxygen is 2.1 eV (orange-red), independent of
the size of the system. In the latter case [Sizs(OH);6] the
HOMO—LUMO gap was reduced from 5.0 eV for the SizsHje
nanocrystal to 2.73 eV for Si3;s(OH)s¢. These results were used
to explain why hydrogen-passivated Si-nc luminesce in the blue,
whereas oxide-passivated Si-nc luminesce in the red.” Some
of these studies have also found that single-bonded surface
passivators such as Cl, F, or OH produce a small variation, of
0.1 to 0.2 eV, in the HOMO—LUMO band gap of these small
Si-nc.?? Recently, first-principle simulations have been made
indicating that one N atom bonded to the surface of Si
nanocrystals changes their HOMO—LUMO gap and plays a
crucial role in defining their light emission, depending on how
the N atom is bonded.?* The importance of surface ligands on
the electronic structure and optical response of nanoclusters has
also been demonstrated recently for other semiconductors.?’
However, to date, there are no calculations for the HOMO—LUMO
energy gap or other electronic properties of Si-nc, fully
passivated with nitrogen or chlorine shells.

In this paper, a theoretical study of small silicon nanoclusters
completely passivated with N and Cl is presented. The influence
of the passivation on the HOMO—LUMO gap of these systems
is described, in order to explain why Si-nc embedded in
chlorinated silicon nitride thin films have strong blue and white
photoluminesce'>!® and electroluminescence.”® A comparative
study of the electronic structure of silicon nanocrystals with
sizes equal to or smaller than 1 nm whose surfaces are
completely passivated with H, Cl, or N [Si,L, (L = H, CI, NH;
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Figure 2. Optimized geometries for Si,Cl, (x = 29 or 35, y = 36).

x =17, 29, 35; y = 24, 36)] is included. On the other hand, the
charge transfer capacity of these nanocrystals, with and without
passivation, is very important and could be useful in the future
to explain in more detail the electroluminescence process. For
this reason, the electron donor—acceptor properties of these
systems are also analyzed by calculating the ionization energy
and the electron affinity. The main object of this investigation
is to explore the influence of the system’s size and the
substitution effect on two properties: the photoluminescence and
the charge transfer process.

II. Methods

Density functional approximation®® as implemented in Gauss-
ian 03% was used for all the calculations. Becke’s 1988
functional, which includes the Slater exchange along with
corrections involving the gradient of the density’! and Perdew
and Wang’s 1991 gradient-corrected correlation functional®?
[6-31G(d,p) basis set**] were employed in the calculations for
complete optimizations, without symmetry constraints. Initial
geometry for all Si,L, structures has 7, symmetry. For the
vertical ionization energy (/) and the electron affinity (A), single-
point calculations of the ions were performed at the same level
of calculation as the optimized geometry of the neutrals.

In Figure 1, the optimized structures for Si;;H,4, Si;gH36, and
SizsHjs are reported. Evidently, they are highly symmetric with
the terminal silicon atoms bonded to one or two hydrogen atoms.
Figures 2 and 3 show the optimized geometries for Si,Cl, and
Si(NH,), (x = 29 or 35, y = 36). These structures are slightly
distorted when compared to the equivalent SiH, structures. The
distortion (due to the presence of the electrostatic repulsion
between the chlorine atoms and the steric effects of the NH,
substituent) is minor and the symmetry of the Si structure is
almost preserved. However, the effect on the electronic proper-
ties is significant, as it can be seen with the results presented
here.

III. Results and Discussion

Table 1 shows the electronic properties of structurally
optimized silicon nanoclusters. It is possible to analyze the

Figure 3. Optimized geometries for Si,(NH,), (x = 29 or 35, y =
36).

passivation and the size effects on the results reported in this
table. With respect to the passivation effects, the SizsHje
nanocrystal has a HOMO—LUMO gap of 5.1 eV, which
conforms well to previous® accurate calculations of the optical
gap for the same nanocrystal. When the Si nanocrystal is
completely passivated with Cl or NH,, the gap drops to values
of 3.3 and 3.2 eV, for Si3sClzs and Sizs(NH,)s6, respectively.
This reduction of the HOMO—LUMO gap is similar to that
reported previously?> when H was replaced by OH groups to
form Si35(OH)s6 (gap is equal to 2.7 eV). However, nanocrystals
passivated with chlorine or nitrogen manifest a smaller gap
reduction than when the system is passivated with OH, and these
gaps are great enough (3.2—3.3 eV) to have an upper limit that
explains the light emission energy in the blue and even in the
violet region.

With respect to the size effects, the data presented in Table
1 indicate that the HOMO—LUMO gap of the hydrogen-
passivated nanocrystal follows the trend displayed in quantum
confinement models, as the band gap increases as the diameter
decreases. It registers as 5.1, 5.2, and 5.6 eV for SizsHsg, SizgHse,
and Si;7Hy4, respectively. It is possible to observe the same
quantum confinement effect in the nanocrystals passivated with
chlorine, since the gaps of SizsClse and SipgClsg are 3.3 and 3.6
eV, respectively. However, this effect is not observed in the
case of NH, passivation. In this case, the HOMO—LUMO gap
is 3.2 eV for both systems Sizs(NH;)36 and Sirg(NH,)s6. It is
important to note that the HOMO—LUMO band gap increases
as the diameter decreases, mainly due to the destabilization of
the HOMO and the stabilization of the LUMO. The present
results in silicon hydrides do not show a trend in the LUMO
energies or electron affinities versus size. Nevertheless, the
HOMO and LUMO energies show clear tendency that depend
on chemical substitution, as can be seen in Table 1 and in what
follows.

On the basis of these results, concerning the size and
substituent effects on the HOMO—LUMO gap, the strong white
and blue photoluminescence experimentally observed in Si-nc
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TABLE 1: Properties of the Optimized Structures (in eV)
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Si17H24 Si29H36 Si35H36 Si29C13h Si35C136 SiZQ(NHZ)Sb Si3S(NH2)3h
HOMO =72 —6.9 —6.8 -7.8 =77 —4.3 —4.4
LUMO —-1.6 —-1.7 —-1.7 —4.2 —4.4 —1.1 —1.2
LUMO—HOMO gap 5.6 52 3.6 33 32 32
vertical ionization energy (1) 8.3 7.9 8.6 8.6 5.2 5.3
vertical electron affinity (A) 0.8 0.7 . 34 3.6 0.2 0.4
Fermi energy —4.5 —4.3 —4.3 —6.0 —6.1 —2.7 —-29
hardness (I — A) 7.5 7.2 5.2 5.0 5.0 49
- (electrodonating)® 5.5 5.2 10.3 10.8 3.1 34
o+ (electroaccepting)” 0.9 0.9 4.3 4.7 0.4 0.5

“Lower values of electrodonating power imply a greater capacity for donating charge. ” Higher values of electroaccepting power imply a

greater capacity for accepting charge.

embedded in chlorinated silicon nitride thin films,'*!* can be
explained as follows. Since these films have Si-nc with diameters
of 0.7—4 nm,'>'* the emission of the smaller Si-nc (0.7—1 nm)
will be evidently in the blue-violet region, no matter if they are
completely passivated by nitrogen, chlorine, or hydrogen,
because they have a HOMO—LUMO gap equal to 3.2—5.6 eV.
On the other hand, since the HOMO—LUMO gap of Si-nc
completely passivated with hydrogen or chlorine is reduced as
their size increases, the larger ones (3—4 nm) will emit in the
red and/or infrared region. According to our results, the smaller
(~1 nm) Si-nc completely passivated with nitrogen will emit
in the blue region (3.2 eV). Thus, depending on the distribution
of sizes and the density of Si-nc passivated with hydrogen,
chlorine, or nitrogen, the total photoluminescence may be either
white or blue. In previous work, Dal Negro et al.>* reported the
role of N atoms bonded to the surface of Si clusters in the
emission mechanism. They reported the HOMO—LUMO gap
for partially nitrogen-passivated nanocrystals, calculated within
the local density approximation. The HOMO—LUMO gap that
we report in Table 1 was obtained for fully nitrogen passivated
nanocrystals, calculated with the gradient-corrected correlation
functional. It is not feasible to compare directly our results with
those obtained for partially nitrogen-passivated nanocrystals,
because the latter were calculated using DFT within the local
density approximation (LDA), which underestimates the true
optical gaps.>* However, it is possible to say that we reach the
same conclusion in terms of the effect of nitrogen passivation
on the emission properties of the Si-nc, since in that case the
addition of one N atom also lowers the calculated gaps with
respect to the SizsHzg nanocrystal.?*

As can be observed in Table 1, compared with SizsHse,
chlorine drastically stabilized the LUMO, whereas passivation
with NH, significantly destabilized the HOMO. This is consis-
tent with the fact that chlorine is an electron acceptor, whereas
NHj; is an electron donor and consequently they both modified
the ionization energy and the electron affinity of the systems.
Substituents effects on the HOMOs and LUMOs are presented
graphically in Figures 1S and 2S of the Supporting Information.
HOMOs and LUMOs are mainly 7z bonding orbitals and their
localization is the principal difference among the systems. As
can be seen with these figures and the values reported in Table
1, the energy shifts are not related to trends in the amplitudes
of the orbitals. The orbitals of Si,H, are symmetrically distrib-
uted, while it is not the case for Si,Cl, and Si.(NH,),. The
substitution affects the localization of the orbitals in such a way
that HOMOs are located mostly on the outer atoms of the system
and LUMOs are localized on the inner shell of the atoms.

Table 1 shows the results of the vertical ionization energy
(1) and vertical electron affinity (A), obtained from the single-
point energy calculations of the neutral optimized structures.
As can be seen, in both cases (with Cl and NH,) the

HOMO-LUMO gap is similar and smaller than that of Si,H,.
However, electronegative chlorine decreases the energy of both
the HOMO and LUMO, and the electron affinity of the systems
increased considerably. NH, also affects HOMO and LUMO
(both show an increase in energy) and the ionization potential
is decreased slightly. As shown in Table 1, Si(NH,), has the
lowest ionization energy and Si,Cl, the highest electron affinity,
and consequently, Si,H,, Si,Cl,, and Si,(NH>), species have very
different values in terms of their Fermi energy, —(/ + A)/2, the
lowest being those systems passivated with NH, and the highest,
those systems passivated with Cl. The Fermi level becomes more
negative with chlorine because the electron affinity is higher.
In contrast, the Fermi energy is less negative with NH,. The
electron-transfer hardness (I — A) decreases by 2.2 eV when H
atoms are substituted with either CI or with NH,. Since hardness
assesses resistance to the electron flow, it is possible to deduce
that Si,H, will have the greatest resistance to the electron flow
out of all the systems in the study.

A useful way of measuring electrodonating and electroac-
cepting power was recently 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 electrodonating power, may be defined as

~_ @BI+ AP

C16(1 — A) M

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

v I+ 3A)°

T 16(I — A) 2)

In the case of electrodonating power, lower values imply a
greater capacity for donating charge. In the case of electroaccepting
power, higher values imply a greater capacity for accepting charge.
It is important to note that / and A refer to donating or accepting
a single, whole electron, whereas w— and w+ refer to fractional
charges. In this way, the electrodonating and electroaccepting
powers are based on a simple charge transfer model, expressed in
terms of chemical potential and hardness. Electrodonating power
ascribes more emphasis to ionization potential than to electron
affinity in the context of the charge donation process. Contrarily,
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electroaccepting power assigns more significance to electron affinity
than to ionization potential.

As can be observed in Table 1, in the case of electroaccepting
and electrodonating powers, size is less important than the
substituent effect. Si,Cl, system is the best electron acceptor and
the worse electron donor, whereas the Si(NH,), system is the best
electron donor and the worst electron acceptor. For Si,Cl,, the
bigger system is a better electron acceptor compared to the small
one, whereas for Si,H, and Si,(NH,), the electron donor—acceptor
capacity is less affected by the size of the system. These results
can help to explain in more detail the electroluminescence of silicon
nanocrystals, embedded in chlorinated silicon nitride films.?

IV. Conclusions

In conclusion, we have found that the HOMO—LUMO gap
is smaller for big systems than for the small ones, but the
influence of the system’s size is less important than the
substitution effect. The HOMO—LUMO gap is almost 2 eV
smaller for the chlorine- or nitrogen-passivated systems than
for SiH, and is practically the same for Si,Cl, as it is for
Si.(NH,),. The values of the HOMO—LUMO gap of 3.2 and
3.3 eV, calculated for the fully nitrogen-passivated [Sizs(NH;)3¢]
and chlorine-passivated (SissClss) nanocrystals, respectively,
correlate well with the white and blue photoluminescence of
silicon nanocrystals, embedded in chlorinated silicon nitride
films. Our results also show that the charge-transfer capacity is
drastically modified with the passivation of the system but in
opposite directions, i.e., with Cl it will become a good electron
acceptor, whereas with NH, it will become a good electron
donor. This study is important because it gives knowledge to
control the photoluminescent and electroluminescent properties
of silicon nanocrystals embedded in different silicon-based
dielectric matrices, and this could be useful for the development
of low-cost optoelectronic devices.
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