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Si nanocrystal (NC)/SiO, multilayers containing interfacial nitrogens are formed by radiofrequency magnetron-sputtering
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and post-annealing. Analyzing the photoluminescence (PL) of the multilayer structures after proton irradiation (Pl), we

found that the peak at ~740 nm was shifted toward shorter wavelengths and that its intensity was considerably

suppressed. Furthermore, a new peak simultaneously appeared at ~500 nm. We interpret that Pl not only modifies the

shapes of the Si NCs and generate defects at the NC/SiO, interface, but also induces simultaneously hydrogen passivation

(HP) of interfacial nitrogens due to the attenuated protons. To investigate the relation between the HP of N at a Si NC/SiO,

interface and the observed band gap reduction of Si NC structures within the SiO, matrix, we modeled the atomic

configurations at the interface and applied a first-principles calculation. The results clearly indicate that the HP of

composite structures containing Si-N bonds at the Si NC/SiO; interface induces the blue-shift in PL. We expect that this

investigation helps to pave a way to develop more efficiently Si-based light emitting devices or solar cells technologies.

Introduction

Since the discovery of strong light emission in the red
wavelength region from porous Si,* the optical properties of Si
nanostructures (NSs) have been investigated intensively by
many researchers over the last two decades owing to their
enormous potential for application in Si-based optoelectronic
devices,2 light-emitting diodes (LEDs),g'5 and third-generation
photovoltaics.6 Especially, the external quantum efficiencies of
Si-NS based LEDs have been steadily studied.”” Among the
investigations of Si NSs, Si nanocrystals (NCs)
embedded in SiO, matrices built in the form of periodic
multilayers have been studied because of their superior

properties, such as ease of NC size control and strong
10-11

various

luminescence.

The mechanisms of light emission from a Si NC/SiO, system
have been explained by many groups. Light emission from Si
NCs has been attributed to the size-dependent quantum-
confinement effect (QCE);m'14 The Si=0 surface state of porous
Si quantum dots (d < 3 nm) plays an crucial role to form
recombination between trapped excitons;” PL quenching
behaviour resulting from controlling the Si NC/SiO, interfacial
states has been ascribed to localized defects;16 and defect
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formation in SiO, accompanies a new emission peak centered
at ~500 nm."”™ In particular, numerous studies of the
electronic and optical properties of the atomic bonding
configurations at a Si NC/SiO, interface are now in
progress.zo'21 However, these studies have focused only on one
individual region among all the relevant ones such as SiO,
matrices, NC cores, and NC/SiO, interfaces to the
luminescence. In order to achieve a more complete
understanding, it is essential to investigate the interrelation
between all the relevant regions of a Si NC/SiO, system.

Furthermore, studies on freestanding Si NC that is not
surrounded by a SiO, host matrix have recently begun.
According to Dasog et al., without changing the Si NC size, the
PL of Si NCs could vary based on the surface
functionalization.””* Depending on the functional group used
in surface passivation, the peak PL position from functionalized
Si NC changes in the visible wavelength range, which suggests
that the size-independent interface-reaction dynamics, as well
as NC size control, are key to the utilization of Si NCs for future
optical devices and photovoltaics. Accordingly, to optimize the
quantum efficiency and emission range from Si NCs, it is
important to engineer the passivation configuration at a Si NC
surface and to understand the interrelation between
interfacial state formation and optical transition from the
electronic structure of NCs imbedded in an oxide matrix.

In order to adequately address these requirements of Si
NC/SiO, systems, we utilized proton irradiation (Pl) to modify
the nanostructured multilayers as mentioned, as this method
could efficiently affect controlled changes in each relevant
region and systematically investigate the effects of these
changes on various luminescent properties.”’25 Since protons
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have the smallest atomic mass,
structural modification requirements for such samples as
compared to those for other massive ions. Furthermore, Pl
essentially replaces H implantation because it causes hydrogen
passivation (HP) at the NC/SiO, interface, which stabilizes NC
structures on the atomic level.

All of the above-mentioned factors could modify the
spectral weight and range of PL in the investigated samples. If
we could select and tune the emission wavelength, it would be
more useful to generate shorter wavelengths for full-color LED
applications and/or efficient energy harvesting with the above-
mentioned Si-based NSs. Therefore, we are actively working
towards identifying an efficient fabrication process to engineer
multi-layered Si NC/SiO, systems that emit wavelengths below
600 nm by understanding the luminescence mechanism in this
spectral range.

In this investigation, we studied the changes in PL of Si
NC/SiO, multilayers induced by PI, which readily controls not
only the shape and size of NCs but also size-independent
factors, such as the various defects in a SiO, matrix or at a Si
NC/SiO, interface. We also investigated the influence of the
atomic bonding configurations at the Si NC/SiO, interface on
the PL spectrum by using an ab initio density-functional-theory
(DFT) calculation. The appropriate model and results of the
calculation for NS systems with intricate interfaces at the
level could be essential in understanding the

we anticipate modest

atomic
luminescence mechanism and achieving an efficient method of
selecting and tuning the emission wavelengths of Si-based NS
systems.

Experimental
Sample Preparation

A multilayer consisting of 20 SiO,/SiO, bilayer stacks was
deposited on a 2 in p-type (100)-Si wafer by alternate RF-
magnetron sputtering under an Ar or O, atmosphere. Si single
crystals with a purity of 5N (99.999%) were used as the
sputtering targets. The SiO, and SiO, layer thicknesses were 3
nm and 4 nm, respectively. Subsequently, a 10 nm SiO,
capping layer was deposited on the multilayer stack to prevent
unintended oxidation of the uppermost Si NC layer during the
post-annealing process. To obtain homogeneous films, the
wafer was always rotated during the sputtered deposition. In
order to form Si NCs in the SiO, layer, the thermal annealing
processes were conducted in a quartz-tube furnace (1100 °C, 1
h) under an N, atmosphere.

Proton Irradiation (Pl)

In order to generate luminescent defects and investigate
luminescent origins, we performed Pl of Si NC/SiO, multilayer
samples using a MC-50 cyclotron at the Korea Institute of
Radiological and Medical Sciences at RT and under a medium
vacuum atmosphere. The proton beam energy decreased from
20 MeV initially to 3.5 MeV by passing through Al degraders.
The proton beam direction was perpendicular to the plane of
the Si NC/SiO, multilayer. In our study, the total fluences
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Figure 1. (Color online) PL spectra (middle) and photographs
(right) for the TO (as-crystallized), T50, T2500, and T5000
samples.

during Pl at an energy of 3.5 MeV were 1 x 10" cm'z, 5 x 10"
cm'z, 10" cm'z, and the irradiation times
corresponding to each fluence were 50 s, 2500 s, and 5000 s
(see Figure S5).

and 1 x

PL and TR-PL Measurements

PL spectra at room temperature were obtained by using a
HORIBA®’s PL spectrometer (Fluorolog®-3) with a He—Cd laser
(325 nm, 25 mW). The excitation for TR-PL was performed by
an optical parametric oscillator pumped by a pulsed Nd:YAG
laser (wavelength: 355 nm, pulse energy density: 0.6 mJ/cmZ,
repetition frequency: 20 Hz, and pulse duration: 20 ps). The
emitted light was analysed by using a monochromator
equipped with a gated ICCD (detection energy: 1.38-9.92 eV,
response time: 40 ps, PIMax, Princeton Instrument) triggered
by an exciting laser pulse.

TEM and FTIR Measurements

Bright-field TEM cross-section micrographs were taken with a
JEM-ARM 200F operated at 200 kV. HRTEM was used to study
properties of the materials. FT-IR
spectroscopy (Bruker IFS 66v/s) was performed to examine the
effects of Pl on various vibrational bonds in the Si NC/SiO,
multilayer under the attenuated total reflection mode.

the microstructural

RESULTS AND DISCUSSION

Proton-irradiation-induced spectral change in NC/SiO, multilayer

We observed a cross-sectional TEM image of the Si NC/SiO,
multilayer sample in the crystallized state after annealing at
1100 °C (see Figure S1). A Si NC/SiO, multilayer structure
NC layers. The periodic Si NC structure
perpendicular to the substrate plane was clearly identified.

contains 20 Si

The average diameter and areal density of the Si NCs were
estimated to be about 3-4 nm and 6.9 x 10 cmfz,

This journal is © The Royal Society of Chemistry 20xx
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respectively. Detailed analysis of the Si NCs will follow later in
this section.

Figure 1 shows the PL spectra (middle) and photographs (right)
for the TO (as-crystallized), T50, T2500, and T5000 samples.
The samples are labelled by the Pl duration time (e.g., the
sample with 2500 s Pl time is labelled T2500, etc.). From the PL
spectra, we can identify three main features. First, the peak
position at ~740 nm is shifted toward shorter wavelengths as
the Pl time increases. Second, the PL intensity due to Si NCs
decreases as the proton dose increases. Finally, a new peak at
~500 nm emerges when the appropriate irradiation time is
reached. These features can also be observed from the color
change in the photographs in the column on the right side of
the figure. The left inset shows the development of the PL at
~500 nm. In order to systematically investigate the spectral
developments in PL of NC/SiO, by Pl, we divided the
investigated sample area into four individual regions: the Si
substrate, SiO, matrix, Si NCs, and Si NC/SiO, interface. We will
discuss the interrelation between the changes in each region
resulting from Pl and the luminescence behaviour of the
sample.

Proton-irradiated Si substrate

We estimated the total thickness of the Si NC/SiO, multilayer
to be ~160 nm based on the cross-sectional TEM image. Since
the penetration depth of an incident proton from a beam with
an energy of 3.5 MeV is longer than 100 um, most incident
protons reach the Si substrate through the Si NC/SiO,
multilayer.26 Thus, we investigated the influence of Pl on the Si
substrate. A bare p-Si wafer (100) was subjected to a proton
beam with 3.5 MeV energy and a flux of 1 x 10" protons/cmz.
However, we could not observe any PL signal from the proton-
irradiated Si wafer. Therefore, we excluded the possibility that
a Si substrate under a proton-irradiated NC/SiO, multilayer
affects the changes in the PL spectra.

Proton-irradiated SiO, matrix

Next, we investigated the SiO, matrix as a potential cause of
the PL changes. In order to investigate this possibility in more
detail, a pure SiO, layer with 20 nm thickness was deposited
on a Si substrate. We measured the PL spectra of the SiO, film
after Pl and found that the PL emission at ~500 nm from the
SiO, film appeared despite the absence of Si NC (see Figure
S2). This result indicates that the PL peak at ~500 nm shown in
Figure 1 should be mainly attributed to defects in proton-
irradiated SiO, matrix but not to defects in Si NCs region.
Previous studies have well explained the emission at ~500 nm
from pure SiO, by self-trapped excitons (STEs).17’18'27'28 We
expect that Pl could generate excited electrons and holes
throughout the SiO, matrix, so an electron-hole pair (exciton)
could subsequently be formed and induce localized lattice
distortions. In other words, the exciton traps itself at a
distortion site to lower the total energy of the local atomic
environment.”” We note that the STEs formed by this process
in SiO, film lead to defects such as an E’ center and a non-
bridging oxygen hole center (NBOHC).27 Furthermore, some

This journal is © The Royal Society of Chemistry 20xx
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investigations that pulsed electron irradiation onto amorphous
SiO, thin films resulted in light emission at ~515 nm.?%
Accordingly, we are convinced that the luminescence at ~500
nm can be attributed to the radiative recombination of STEs
caused by Pl in the amorphous SiO, matrix region in the
sample.

This STE model in amorphous SiO, is further supported by PL
data for hydrogen-gas annealing at 400 °C for 30 min in
proton-irradiated SiO, film. We confirmed that the PL peak at
~500 nm disappeared completely hydrogen-gas
annealing (see Figure S2). This result indicates that defects,

after

such as an E’ center or a NBOHC, are readily passivated by H
and transformed into non-radiative centers following H,
annealing.

Proton-irradiated Si NCs

Prior to or after PI, it is necessary to track the changes in the
luminescent properties originating from the Si NC region. We
compared the microscopic and structural characteristics of the

Si(111)

Si (220)

Figure 2. HRTEM image (white box) and Bragg-filtered HRTEM
image (blue box) for three Si NCs in regions of the (a) TO and
(b) T5000 samples.
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Figure 3. (a) PL decay of samples TO, T500, T2500, and T5000.
The black lines are the stretched exponential fits. The results
of all stretched exponential fits of sample set T are given
below: (b) dispersion factor B (filed diamond) and
luminescence lifetime t (open circle) of the proton irradiation.

TO and T5000 samples by high-resolution TEM (HRTEM). Figure
2 shows cross-sectional and Bragg-filtered HRTEM images for
the TO and T5000 samples, which contained Si NCs. The Bragg-
filtered HRTEM images were pre-processed by the FFT filtering
method (see Figure S3). In the HRTEM images for both TO and
T5000, three different NC regions were selected. All NCs
exhibit spherical shapes with diameters of ~3.5 nm, as shown
in Figure 2a. In addition, the d-spacing between the fringes of
the selected Si NCs corresponds with that of the Si (220) or Si
(110) plane. On the other hand, the NCs in T5000
predominantly exhibit not only non-spherical shapes but also
smaller sizes, as shown in right column of Figure 2b. However,
the fringes in the NC core were maintained even after PI.

In order to analyse the changes in the PL decay
characteristics upon PI, we performed time-resolved PL (TRPL)
at the peak wavelength of each sample, as shown in Figure 3.
The PL decay data were fitted by the stretched exponential
function

I(t) = loexp [-(t/1)°],

4| J. Name., 2012, 00, 1-3

which is well known to researchers.'® Figure 3b presents the
behaviour of the decay time t and dispersion factor  upon PI.
It can be seen that T decreases as the PI time increases. Two
points can be inferred from these results. The first concerns
NC size reduction. Previous studies have reported that with
decreasing NC size, T tends to decrease because the required
phonon contribution to the luminescence decay of an exciton
decreases.”>* Thus, the change in t indicates that the NC size
decreases due to PI. This result is consistent with the observed
NC size reduction in Figure 2. Thus, it explains why the PL peak
at ~740 nm is blue-shifted to shorter wavelengths with
increasing Pl flux, as shown in Figure 1.

The second point is linked to the interfacial defects. There
are literatures that t became shorter by increasing the amount
of NC/SiO, interfacial defects during annealing process.le’zo’32
Meanwhile, B becomes smaller with increasing PI time. These
investigations have correlated B decrease to generation of
NC/SiO, interfacial defects and NC size broadening.le'zo'sz'34
Thus, we interpret that the Pl induces a number of NC/SiO,
interfacial defects as well as extends size distribution of NCs,
which causes to notable suppression of the PL from the NCs.

HP at NC/SiO, interface

In addition, it is important to investigate the influence of HP by
the remaining protons in the NC/SiO, multilayer. Thus, it was
necessary to obtain information about the final locations of
the protons that affected the SiO, matrix and Si NCs. To obtain
this information, an FTIR experiment was performed. Figure 4
shows the FTIR spectra for the proton-irradiated NC/SiO,
multilayer. The FTIR data exhibits typical SiO, features,
including the Si-O-Si stretching band at 1045-1075 cm™ and Si-
O-Si bending mode at 810 em™. Interestingly, we observe the
Si-N peak at 960 em™ and Si-NH bending vibration mode at
1120-1180 cm™. The absorption peak corresponding to SiO,
diminishes with increasing PI flux, as expected from the results
shown in Figure 1. However, the peak corresponding to the Si-
NH bending vibration mode increases. According to Ref. 20, a
NC/SiO, multilayer annealed in a N, gas atmosphere has Si-N
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Figure 4. FTIR spectra of the proton-irradiated Si NC/SiO,
multilayer.
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bonds at the interface between the NCs and SiO, matrix. This
feature implies that the Si-NH bending vibration mode in the
FTIR results originates from the NC/SiO, interface. Thus, we
can conclude that the protons that affected the SiO, matrix
and NC are finally located at the Si NC/SiO, interface, which
suggests the HP of N atoms with dangling bonds at the
interface due to the energy-attenuated protons. Furthermore,
it should be noted that the peak corresponding to the Si-N
bending vibration mode has decreased, which indicates that a
considerable number of protons contribute to breaking Si-N
bonds and subsequently forming Si-NH bonds at the Si NC/SiO,
interface.

HP effect versus NC size effect

Now, we turn to understanding the interrelation between the
luminescence and increase in the number of Si-NH bonds at
the NC/SiO, interface. Recently, Hiller et al. suggested that the
blue-shift of the PL from N,-annealed NC/SiO, compared to the
PL from Ar-annealed NC/SiO, is based on an increased NC band
gap that results from interfacial N.% That suggestion implies
that the blue-shift of the PL from NCs in Figure 1 is associated
with the passivation of interfacial H from Si-N bonds to Si-NH
bonds at the NC/SiO, interface. To confirm this possibility,
additional annealing was performed under H, for the T5000
sample. As a result, the emission peak at ~500 nm was almost
completely suppressed, whereas the PL peak at ~720 nm was
somewhat shifted toward longer wavelengths (see Figure S4).
In other words, for the composite structure containing Si-N
bonds at the NC/SiO, interface, additional H, gas annealing
after the Pl leads to a red-shift of the NC-related PL peak, while
the chemical reaction of HP due to the Pl itself causes a blue-
shift of the peak, as shown in Figure 1.

In order to investigate the influence of HP due to the Pl on
the NC electronic structure at a NC/SiO, interface containing
Si-N bonds, it is necessary to conduct an appropriate
simulation for a composite structure that contains Si-N bonds
residing at the Si NC/SiO, interface. A theoretical approach
using ab initio DFT calculations can be effective to investigate
the geometric and electronic changes at the microscopic level,
such as those at a Si NC/SiO, interface.

MD and DFT calculations for model configurations at Si NC/SiO,
interfaces

First-principles calculations
implemented

were performed using DFT
in the Vienna Ab-initio Simulation Package
(VASP) code.***® The exchange—correlation functional was
approximated with the Perdew—Burke—Ernzerhof (PBE)
expression.37 For electron-ion interactions, the projector-
augmented wave (PAW) method was used.®® The electronic
wave functions were expanded in a basis set of plane waves
with a kinetic energy cutoff of 400 eV. To optimize the
geometry, Brillouin-zone (BZ) integrations were carried out
using only the I point. To calculate the density of states, on the
other hand, the k-space integration was performed with a
finite sampling of selected k points on a 2x2x2 mesh in the BZ

This journal is © The Royal Society of Chemistry 20xx

that were generated according to the Monkhorst—Pack
scheme.

In this model calculation, we considered the three most
significant geometries of Si NCs, specifically those passivated
by H, N, and NH at the interface, as shown in the green circles
of Figures 5a-c. An H-passivated Si NC represents a Si NC/SiO,
interface with only one Si-H bond, and an N-passivated Si NC
represents an interface with one Si-N bond. The NH-passivated
Si NC was designed to consider an interface containing one Si-
NH and one Si-H bond. Si NCs with fixed 1.1 nm diameters
were considered in all geometries of the model calculation to
reduce computation. We will focus on and discuss the relative
changes of the electronic structures of these specific atomic
configurations at the NC/SiO, interface due to the inevitable
differences between the experiment and model calculations.

Generation of atomic geometry

The atomic structure was generated by combining classical
molecular dynamics (MD) simulations and the DFT method.
We began with a B-cristobalite cell containing 432 O atoms
and 216 Si atoms. To generate a realistic amorphous SiO,
matrix, classical MD simulations were conducted using Tersoff
interatomic potentials implemented in LAMMPS code. This
initial geometry was amorphized by annealing at a
temperature of 4000 K for 100 ps and quenching at a rate of
100 K/ps down to 300 K. Then it was optimized through MD
simulations.*® After the amorphization process for oxide, we
removed all atoms in a given 1.1 nm diameter sphere and filled
it with Si NCs. The final atomic geometry of the Si NC/SiO, was
obtained by performing additional first-principles calculations
to optimize all the ionic coordinates. Geometric optimization
was performed until the residual forces decreased to below
0.05 eV/A. In order to eliminate the effects of unsaturated
bonds at the interface and in the matrix, we added a few H
atoms to the system.

Density of states and energy gaps for model configurations

Figure 5 depicts the relaxed atomic geometries and electronic
density of states (EDOS) of Si NCs passivated by different
atomic configurations at the Si NC/a-SiO, interface. The atomic
geometry in Figure 5a was generated using the procedure
described above. As a result, at the Si NC/a-SiO, interface,
there existed one H atom to passivate a Si dangling bond. On
the other hand, a Si-N bond at the Si NC/SiO, interface was
produced by replacing one H and its bonded Si on the NC
surface with one N atom, as shown in Figure 5b. Furthermore,
N-H bonds at the Si NC/a-SiO, interface were constructed by
performing HP on broken Si-N bonds. All geometries were
obtained through complete ionic relaxation.

To investigate the relation between the electronic structure
and atomic configuration of the interfacial region in the Si
NC/a-SiO,, we calculated the EDOS. As a result, the change in
the Si NC band gap in the passivation configuration was
observed. The band gap energies of H-passivated, N-
passivated, and NH-passivated Si NCs were 1.06 eV, 1.11 eV,
and 1.19 eV, respectively. To ensure reliability on the tendency

J. Name., 2013, 00, 1-3 | 5
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Figure 5. (Color online) Calculated atomic geometries and
EDOS of Si NCs passivated by different atomic configurations at
Si NC/a-SiO, interface. (a), (b) H-passivated Si NC; (c), (d) N-
passivated Si NC; (e), (f) NH-passivated Si NC. The Si, N, and H
atoms in the core are represented by dark blue, light blue, and
white balls, respectively, and Si-O bonds in the matrix are
represented by solid lines.

4.0

of band gap that we calculate, it is thought that it needs to
perform more exact calculations. Considering computational
resources in general, however, advanced calculations such as
hybrid functional DFT study have size limits on number of
atoms. Surveying broadly DFT hybrid functional studied on
various silicon related materials, we confirmed that the
tendencies of band gap estimation by PBE level has been in
parallel to those by hybrid functional.*®** we expect in our
model study that the PBE level discussion for three relevant
configurations as shown in Figure 5 would not be far from a
hybrid functional one.

According to a previous DFT calculation study on H-
passivated Si NC, the H-passivated NC structure had a higher
band gap than did the oxide-passivated one.® However, the
structure used in Ref. 43 had no surrounding a-SiO, matrix.
Since the electronic structure of Si NCs embedded in an a-SiO,
matrix is expected to be severely affected by the strain at the
interface between the NC core and a-SiO, matrix,21 it may be
not appropriate to apply the DFT calculation to the Si NCs
without considering the strain effect. The calculation in this
work produced strain relaxation at the interface and applied
realistic HP at the NC/SiO, interface with Si-N bonds, which
could help to more accurately understand the electronic
properties of the samples annealed under a N, gas
atmosphere in this work.

From our calculations, we observed that the band gap of a
NC with a Si-N bond at the Si NC/a-SiO, interface is wider than
that for a NC with a Si-H bond. We also found that the band

6 | J. Name., 2012, 00, 1-3

gap increased when a Si-N bond was broken and formed into a
Si-NH or Si-H bond by HP. These results answer the question
presented in Section 2.5. The HP for a composite structure
including Si-N bonds at the Si NC/a-SiO, interface seems to
widen the Si NC band gap, which explains the blue-shift in the
PL spectrum. Thus, if we consider the increase in the Si-NH
bending mode by PI that is demonstrated by the FTIR results,
we can conclude that blue-shift of the ~740 nm PL peak by the
Pl may be ascribed not only to size-dependent factors, such as
the reduction and deformation of Si NCs, but also to size-
independent factors, such as the active H reaction at the NC/a-
SiO, interface with a Si-N bond.

Origin of band gap change based on model study

Let us closely examine the band gap change of the local atomic
configuration at the surface of a 1.1 nm diameter Si NC, as
shown in Figures 6a-c. The band gap of the total Si NC/SiO,
system can be controlled by changing just one specific
configuration. In our model, we dealt with only one local
atomic configuration in one unit cell. However, a real Si
NC/SiO, system will include numerous atomic configurations at
its interface, such as Si-H, Si-N, and S-NH. Thus, we expect that
the band gap of real Si NC/SiO, will be sensitive to the specific
types of atomic bonds at its interface.

In order to study the origin of the band gap change for
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Figure 6. (Color online). Charge values in units of absolute
electron charge (black numbers) and bond lengths (blue
numbers) between passivated Si atoms and their nearest-
neighbour atoms in the interfacial region: (a) H-passivated, (b)
N-passivated, and (c) NH-passivated. Profiles of residual forces
applied to all interfacial atoms with the following atomic
configurations in the interface: (d) H-passivated, (e) N-
passivated, and (f) NH-passivated. Three passivation-related Si
atoms are indicated by the arrows for each interfacial
configuration. The average strain relaxation is depicted by
horizontal dotted lines in the right-hand figures.
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various local atomic configurations in Si NC/SiO,, Bader charge
and local structure analyses were performed. Figure 6 shows
the charge values in units of absolute electron charge and the
bond lengths between passivated Si atoms and their nearest-
neighbour atoms in the interfacial region. In Figure 6a, the
charge (black numbers) of the Si atom in Si NC was determined
from the oxidation numbers. The charge of Si in a Si-H bond is
similar to that of Si bonded with three Si atoms and one O.
Meanwhile, when a Si-N bond is formed, the N atom brings
more electrons from nearest-neighbour Si atoms than does
the Si atom bonded with H in a H-passivated Si NC. This
characteristic subsequently leads to bond-length shortening of
the three Si-N bonds. The bond lengths (blue numbers) were
2.34 A, 2.34 A, and 2.35 A for the three Si-Si bonds near the Si-
H bond in Figure 6a. These lengths decreased to 1.79 A, 1.82 A,
and 1.82 A for the Si-N bonds in Figure 6b. This local structural
change in the interfacial region might cause local strain
between the NC core and SiO, matrix. On the other hand, in
the model calculation for NH-passivated Si NC, a N atom
bonded with two Si atoms and an H due to the two additional
H atoms. This process was followed by breaking of the Si-N
bond. In this case, the N atom bonded more strongly with the
two Si atoms due to the electron-deficient atmosphere.
According to Bader charge analysis, the polarities of Si-N bonds
decrease compared to that of a Si-N bond in N-passivated Si
NC, and two very short Si-N bonds are formed.

Now we investigate the profiles of the residual forces
applied to all interfacial atoms with the following atomic
configurations at the interface. The interfacial region is defined
as a monolayer of Si atoms on a Si NC surface. We consider
~5.5 A to be the distance from the NC center to the surface
and 2 A to be the thickness of the Si monolayer. These
distances provide important information about how the local
strain induced by interfacial chemical reactions influences the
overall rearrangement of atoms in the interfacial region.
Interestingly, the average forces (blue dotted horizontal lines)
of atoms in the interfacial region all relaxed for the H-
passivated, N-passivated, and NH-passivated Si NC/SiO,
interfaces, as shown in Figures 6d-f. The images in Figure 6
depict the following: (i) At the H-passivated Si NC/SiO,
interface, each of the three Si atoms (red arrows in Figures 6a
and 6d) around the central Si that bonded with one H causes
strain on the other interfacial atoms and resides at the
interface. (ii) At the N-passivated Si NC/SiO, interface, strong
strains are applied to the three Si atoms (red arrows in Figures
6b and 6e) near the N atom, while the average strains applied
to the remaining Si atoms in the interfacial region decrease.
(iii) At the NH-passivated Si NC/SiO, interface, the average
strains on the interfacial Si atoms relax, while the Si-N bond is
broken by the two additional H atoms. These results suggest
that the average strain around Si atoms in an interfacial region
could be controlled by altering the local atomic configuration.
According to previous studies™™* on the relation between
interfacial strain and band gap in a Si NC-related system, strain
relaxation in an interfacial region enlarges the bandgap. From
both the calculations and experimental results of this
investigation, we can conclude that the sensitivity to atomic

This journal is © The Royal Society of Chemistry 20xx

configuration rearrangements near interfacial Si atoms in an
NC/SiO, interfacial region could play an important role in
determining the band gap for Si NC-embedded NSs.

Conclusions

We investigated the origin of the PL change of Si NC/SiO,
multilayers that is induced by Pl. Analysing the PL, TEM, and
TRPL results, we found that the blue-shift for the peak at ~740
nm is caused by the size reduction of Si NC by the PI as well as
by the chemical reaction at the Si NC/SiO, interface.
Furthermore, we found that the salient suppression of the PL
at ~740 nm is associated with an increase in the interfacial
defects. We determined that Pl actively leads actively to HP of
N-related dangling bonds at the interface via the energy-
attenuated protons. The appearance of a new PL peak at ~500
nm in the proton-irradiated Si NC/SiO, multilayer was assigned
to the radiative recombination of the STE in an irradiation-
induced a-SiO, matrix.

We performed first-principles
different passivated configurations near an unpaired interfacial
Si atom. The calculations clearly indicate that the HP for a
composite structure containing Si-N bonds at the NC/SiO,
interface induces a blue-shift in the PL. This result implies that
the blue-shift of the PL peak at ~740 nm by the Pl was driven
not only by the reduction and deformation of Si NCs but also
by the effects of HP at the NC/SiO, interface with a Si-N bond.
In addition, we determined that the NH-passivated
configuration at a Si NC/SiO, interface reduces the total strain
in the interfacial region, which causes the band gap to widen.
This result implies that the sensitivity to atomic configuration
rearrangement near interfacial Si atoms in a NC/SiO,
interfacial region could be important in determining the band
gap of Si NC-imbedded NSs.

On the other hand, the experimental results as well as the
calculations in this investigation indicate that Pl is an effective
way to control the structural and luminescent properties in all
the relevant regions, including the NC core, host oxide, and
interfacial regions, in Si NC/SiO, multilayers containing
interfacial nitrogens. Therefore, these results are expected to
prove useful in the systematic adjustment of optical and other
related properties for the development of Si-based LEDs and
solar cells.

calculations for three
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