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The formation of silicon dangling bond (Si-db) defects in crystalline silicon nanoparticles (Si-NPs) is studied by
electron paramagnetic resonance combined with vacuum-annealing experiments. The kinetics of Si-db formation
due to H desorption is found to be reliably described by a first-order-rate thermal model with a mean activation
energy E; = 2.25 eV and a spread oz, = 0.28 eV in the activation energy distribution. These values deviate
from those reported in previous studies of other Si-based materials, which is attributed to the presence of
different interfacial hydrides Si,_,—Si—H,. Hence, the generation Si-db defects in Si-NPs initiates at a much
lower temperature than one would expect based on the previously reported kinetics parameters. Unlike the
case of planar Si/SiO, interfaces, no permanent interface degradation is observed upon annealing of Si-NPs at
temperatures =600 °C. This, together with the observation of an interfacial Si-db density similar to that typically
incorporated in high quality thermally-grown SiO, on bulk silicon, indicates the formation of a rather relaxed
and thermally stable surface oxide shell during natural oxidation of Si-NPs.
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Low-cost processing as well as promising physical prop-
erties, such as wavelength tunable light emission and ab-
sorption, are driving intensive research on semiconductor
nanoparticles for use in new applications such as green energy
and biomedical treatments.'~® In particular, crystalline silicon
nanoparticles (Si-NPs) offer many advantages when compared
to NPs of other semiconductors; e.g., they are made of an
abundant, environmentally inert, and biocompatible element. '
The recently developed capability of producing macroscopic
amounts of high quality crystalline Si-NPs using gas phase
plasma synthesis (e.g., Refs. 11 and 12) has opened up the
route for new applications such as cost-efficient large area elec-
tronics using printable NP-inks, 13-15 thermoelectrics,'®7 solar
energy to electricity conversion,'®2% and light emission.?!??
Several studies have been reported in recent years focusing
on basic characteristics of these gas-phase grown Si-NPs
including light emission properties,'>* electronic doping,?*~>’
and defects.?®? Si-NPs are prone to oxidation upon storage
at room temperature and ambient atmosphere, which results
in the formation of a thin native oxide shell.">3° Due to
the mismatch between crystalline silicon and the amorphous
surface oxide shell, a sizable number of the silicon atoms
at the Si/SiO, interface establish covalent bonding to only
three other silicon atoms. Some of these interfacial Si
atoms comprise an sp°-like dangling bond (db), forming
paramagnetic point defects symbolized as Si3=Si°®, where the
dot represents the db.’' Another significant fraction of the
interfacial silicon atoms, however, become passivated as a
result of Si—H bond formation at the Si/SiO, interface during
natural oxidation.?>3? The thermal stability of this interfacial
H passivation is a rather important issue from a technology
viewpoint, in particular since fabrication of devices based
on Si-NPs may require thermal treatments,'®!®!%-20 which
potentially promote the breaking of interfacial Si—H bonds
and consequently generate Si-db defects that have an adverse
impact on applications. For instance, these act as recombi-
nation and trapping centers for electrons and holes moving
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across Si-NP thin films,?®3? strongly decrease the efficiency
of electronic impurity doping,”* and are associated with the
degradation of light emission from confined excitons.'>*

In this study, the kinetics of Si-db formation due to
atomic hydrogen desorption from interfacial Si—H bonds
in crystalline Si-NPs is studied by electron paramagnetic
resonance (EPR) combined with isochronal vacuum-annealing
experiments. Our annealing data is quantitatively described
using a model that takes into account a spread in the
activation energy for thermal Si—H bond dissociation. The
results obtained in our experiments for Si-NPs are confronted
with those reported in previous studies of defect formation
at flat Si/SiO, interfaces and in Si nanocrystals embedded
in amorphous SiO, (a-Si0,). Moreover, the inherent defect
density and thermal stability of the native Si/SiO, interface
in Si-NPs are compared with literature data of planar Si/SiO,
interfaces.

The Si-NPs investigated were synthesized in a low pres-
sure microwave reactor by plasma-induced decomposition
of silane.'” This method yields macroscopic amounts of
spherical crystalline Si-NPs with a surface oxide layer formed
after exposure to air with a thickness in the range of 1.4 &
0.2 nm, as determined by high-resolution transmission electron
microcopy.'®> The Si-NPs investigated here have a log-normal
size distribution with a mean diameter of 15.6 nm, obtained
from the Brunauer-Emmett-Teller method,* and a standard
deviation of the diameter natural logarithm of typically o =
0.40.3° We refer to these Si-NPs, surrounded by a native oxide
shell formed by storing at room temperature and ambient
atmosphere and measured without further treatment after
synthesis, as as-grown Si-NPs. Isochronal thermal treatments
of 2 h duration were performed in an evacuated quartz tube
with a base pressure of <10~ mbar that was surrounded by
a resistively-heated tube oven. For each thermal treatment,
a sample of Si-NPs was prepared by inserting 2-3 mg of
as-grown Si-NP powder into a suprasil quartz EPR sample
tube. EPR measurements of these samples were performed
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FIG. 1. (Color online) EPR spectra of as-grown Si-NPs (i) and Si-
NPs annealed at 200 °C (ii) and 800 °C (iii). Open circles correspond
to experimental data and solid curves represent computer simulations,
taking into account a powder pattern of axial symmetry due to PN
dangling bonds (dashed curves) and an isotropic resonance due to D
defects (dotted curves).

at room temperature with a conventional continuous-wave
X-band spectrometer using a lock-in amplifier and a TM;o
cavity. Calibrations of g values and EPR intensity were done by
comparison with the signal of a 2,2-diphenyl-1-picrylhydrazyl
reference sample measured at room temperature. Under our
experimental conditions, the accuracies of the absolute spin
density and g values are better than 30% and 0.0005,
respectively.

The EPR spectrum recorded for as-grown Si-NPs is
shown in curve (i) of Fig. 1. This spectrum exhibits the
resonance structure typically observed for gas-phase grown
Si-NPs. It originates from two types of defects present
simultaneously,?’¥ i.e., silicon dangling bonds (Si-dbs) at
the interface between the NPs crystalline silicon core and
the surface oxide shell (denoted P;\IP defects) and Si-dbs in a
disordered environment, referred to as D defects.>'7 A similar
band due to Si-dbs is also observed for Si-NPs annealed at
temperatures in the range 150-800 °C. All these spectra can
be well described taking into account an axially symmetric
powder pattern of Lorentzian lines, whose linewidths increase
linearly from the direction parallel to the symmetry axis to the
perpendicular direction, and an isotropic line with Gaussian
shape. Experimental spectra and corresponding numerical
simulations taking into account these two spectral components
are also shown in Fig. 1 for the cases of samples annealed
at 200 and 800 °C. Figure 2(a) shows the values obtained
from the numerical fitting for the g values g; and g of
the axial spectral component and gp of the isotropic com-
ponent for different vacuum-annealing temperatures Tynneal-
No significant variation of the parameters of g, gy, gp is
obtained with respect to values extracted for the spectrum
of the as-grown Si-NPs (indicated at Typpeq = 50 °C). This
demonstrates that the axial and isotropic spectral components
of the spectra of the annealed samples also correspond
to P)? and D defects, respectively. The dependence of the
total Si-db density on the vacuum-annealing temperature is
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FIG. 2. (Color online) Variation of g values (a) and peak-to-peak
linewidths (b) of the axial (P}*) and isotropic (D) EPR spectral
components as a function of vacuum-annealing temperature.

shown in Fig. 3, obtained by numerical double integration of
the simulated spectra (solid lines in Fig. 1). As can be seen,
the Si-db density decreases with increasing vacuum-annealing
temperature for Typnea < 200 °C, in agreement with previous
observations.”® However, a strong increase of the density of
Si-dbs is observed for vacuum-annealing temperatures above
200 °C, followed by a saturation at about 6 x 10'> cm~2 at
Tanneal =2 500 °C. In this temperature interval, the relative
density ratio of PN' and D defects ([PNT]/[D]) remains
unchanged within experimental accuracy (inset of Fig. 3).
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FIG. 3. (Color online) Experimental dependence of Si-db defect
density as a function of vacuum-annealing temperature (solid dots).
The solid line represents the least-square fit of the model described
in the text. Dotted and dashed lines correspond to dependencies
calculated with the same model using reaction-rate parameters
reported previously for flat Si/SiO, interface and Si-NCs in
a-Si0,. 404
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This indicates that the vacuum-annealing behavior of the
PP and D dangling bonds is identical. It is worth noting
that the density of interfacial Si-db defects inherently present
in the surface-oxidized Si-NPs (~6 x 10'> cm~?) is very
similar to that typically present at the interface between high
quality thermally-grown (800-950 °C) SiO; and bulk silicon
(~5 x 10'2 cm~2).3840 This indicates that surface oxidation
of the Si-NPs at room temperature in air readily results in
a high quality interface between the NPs crystalline core
and the surface oxide shell. We should note that for the
case of bulk silicon low interfacial defect densities in the
range of 5 x 10'> cm~2 are only attained in high temperature
oxidation conditions (800 °C) and that oxidation at room
temperature results in a considerably more defective interface
([Si-db]~20 x 10'> cm~2).3® Stress due to the mismatch
between Si and SiO, is broadly accepted as the reason
for the appearance of Si-dbs in Si/SiO, interfaces.¥*! A
linear correlation has been found between stress and the
concentration of Si-db defects.>® For oxidation above 800 °C,
structure relaxation of the SiO, reduces the need for generation
Si-dbs to account for lattice mismatch. Therefore, the relatively
low density of Si-dbs found in our Si-NPs points out to
the formation of a readily relaxed surface oxide shell during
natural oxidation.

Following earlier studies of Si-dbs at flat (111)Si/SiO,
interfaces, generally known as P, centers,*'* we consider
that the generation of Si-dbs in our Si-NPs is simply governed
by the differential rate equation d[Si-db]/dt = k;Ny-[Si-db],
where ¢ is time, k, is the rate constant, and N is the maximum
density of EPR-active unpassivated Si-db centers, with the
general solution

[Si-db](t) = No — {No — [Si-dbl(0)} x exp{—kat}. (1)

The temperature dependence of the rate constant is given by
the Arrhenius equation k; = kg9 exp(—E4/kT).*>* Here, kyo
is the rate constant at T = 0 K, E; is the activation energy for
Si-db formation, e.g., by Si—H dissociation, k is the Boltzmann
constant, and T is the temperature. The kinetics of generation
of P, centers at flat Si/SiO, interfaces was found reliably
described taking into account a spread in the activation energy
E,.***! By convoluting a Gaussian spread in E; with Eq. (1),*
the following expression is obtained:

{No — [Si-db](0)} ooex [_ (E — Ed)2i|
2rory 0 20p4?

—E
X exp [—tkdo exp (ﬁ)] dE, 2)

where o is the parameter quantifying the spread in activation
energy and E, represents the mean activation energy. Using
Eq. (2), we can now describe the increase of [Si-db]
with Tynpeas Observed in our isochronal vacuum-annealing
experiments quantitatively. Here, Ny = 6.2 x 10'> cm™2 is
the experimentally observed saturation value of [Si-db], i.e.,
[Si-db] for Tumnea = 800 °C, [Si-db](0) = 5 x 10! cm™2 is
the initial Si-db density, and kg9 = 1.6 x 103 s~! agrees with
the rate constant prefactor obtained previously for P, centers
ata flat (111)Si/SiO; interface.*’ The solid line in Fig. 3 shows
the dependence of [Si-db] on Tyyeq Obtained by fitting Eq. (2)
to the experimental data, for Typpeas = 200 °C, leaving E; and

[Si-db](t) = Ny —
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TABLE I. Kinetic parameters for thermal generation of paramag-
netic Si-db centers in different silicon-based materials.

Reference E; (eV) ogq (V) Material

This work 2.25+0.06 0.28 £0.04 Si-NPs

Ref. 40 2.83 +£0.02 0.08 +£0.03 planar (111)Si/SiO,
Ref. 44 2.90 £ 0.05 0.29 £0.03 Si-NCs in a-SiO,

ogq as fitting parameters. As can be seen, a good agreement
between experimental and simulated data is obtained. From
this fit we extract the values E; = 2.25 +0.06 ¢V and o, =
0.28 = 0.04 eV. Table I compares these values with those
reported previously for the generation of P, centers at a flat
(111)Si/SiO; interface and of photoluminescence-quenching
defects in Si nanocrystals (Si-NCs) embedded in a-Si0,.**#*
The dotted and dashed lines shown in Fig. 3 represent
the vacuum-annealing dependence calculated with the
reaction-rate parameters E; and og, values obtained in these
latter studies.*>** The numerical differences observed between
the kinetics parameters obtained in our work and those reported
previously result in the important consequence that the gener-
ation Si-db defects initiate at a much lower temperature than
one would expect based on the previously reported kinetics
parameters. Namely, while a 2 hour annealing at 400 °C would
expectedly result in a minute generation of Si-dbs based on the
parameters reported for (111)Si/SiO, and Si-NCs in a-SiO»,
in our experiments the same annealing leads to an almost
completed generation of Si-dbs. The values reported for P,
centers at (111)Si/SiO, interfaces were obtained from directly
monitoring the vacuum-annealing behavior of the density of P,
centers using EPR,*’ similar to our experiments, whereas the
values for Si-NCs in a-SiO, were derived from the vacuum-
annealing behavior of luminescence-quenching defects mea-
sured indirectly with time-resolved photoluminescence (PL)
spectroscopy.**

In earlier investigations, the generation of defects
during vacuum annealing, either at the (111)Si/SiO; interface
or in Si-NCs embedded in a-SiO,, was attributed to the
conversion of Si-dbs from the H-passivated state (Siz=Si—H)
to the paramagnetic state (Si3=Si®) by desorption of atomic
hydrogen from Si—H bonds. In such a case, E; and k; are the
activation energy and rate constant of the atomic hydrogen
dissociation. The fact that the values of E,; obtained for
defect generation at (111)Si/SiO, interface (E; = 2.83 eV)
and in Si-NCs embedded in a-SiO, (E; = 2.90 eV) agreed
reasonably well indicated that the same reaction is involved in
both cases.**

The annealing-induced generation of paramagnetic Si-dbs
observed in our experiments should therefore also result from
dissociation of atomic hydrogen from Si—H bonds. This is
corroborated by temperature-programmed desorption (TPD)
experiments carried out with a linear temperature ramp using
Si-NPs similar to those studied in the present work,?3 where
desorption of atomic hydrogen has been observed in the tem-
perature range 250-550 °C, the same temperature range where
we observe the generation of Si-db centers. However, the
activation energy E; = 2.25 eV extracted from our isochronal
vacuum-annealing data is significantly lower that the values
E; =2.83 and 2.90 eV reported in the studies mentioned

40,44,45
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above. This indicates that distinct Si—H hydride species are
involved in our case. In the previous experiments of flat
Si/Si0, interfaces and Si-NCs in a-SiO,, the initial interfacial
Si—H bonds have been mainly in the form of monohydrides
Siz=Si—H.*** From Fourier-transform infrared spectroscopy
data,*>3% we know that along with monohydrides also dihy-
dride Si,=Si=H, species are present in our Si-NPs. For the
case of silicon surfaces, it is known that the activation energy
for hydrogen desorption from surface dihydrides is lower
than from surface monohydrides.*>~*® For example for the flat
(100)Si surface, activation energies of 1.88 and 2.52 eV have
been obtained for hydrogen desorption from surface dihydrides
and monohydrides, respectively.*® Other studies also report
values of 2.04 and 2.43 eV, respectively, for the same type
of surface.*” These values are found to be 2.16 and 2.58 eV,
respectively, for the case of the (113)Si surface.*® For porous
silicon surfaces, predominantly of (100)Si type, corresponding
values of 1.86 and 2.82 eV, respectively, have been reported.*
Thus, it is reasonable to assume that the activation energy for
hydrogen desorption from Si,=Si=H, at Si/SiO, interface in
our Si-NPs is lower than from Si;=Si—H.***’ Therefore, in
our case the Si-dbs are likely to be formed by dissociation
of atomic hydrogen from Si—H bonds in both monohydride
Si3=Si—H and dihydride Si,=Si=H, configurations, which
results in a lower mean activation energy E; with respect to
the previous studies where Si—H bonds were present uniquely
in monohydrides.

We also find a difference between the value of activation
energy spread og, reported for paramagnetic Si-db generation
at flat Si/SiO, interfaces (o0g; = 0.08 eV) and the value
obtained in our study (ogs = 0.29 eV). For flat Si/SiO;
interfaces,*> it has been concluded that the spread in E,
results from a nonuniformity in the Si-db defects correlated
with interface stress. Variations in the local geometry of Si—H
bonds in the ensemble of interfacial monohydrides Si;=Si—H
result in a spread in bond strength via orbital rearrangements.
Thus, in the reports on flat Si/SiO, interfaces,**° the spread
ogg 1s mainly stress induced. The existence of a spread
in E; for the flat Si/SiO, interface is evidenced also by
the fact that the P, defect energy levels in the band gap
display a significant distribution.”’ In our Si-NPs, a much
larger spread in activation energies, associated with a broader
range of Si—H bond strengths, is observed because Si—H
bonds involved in the hydrogen dissociation reaction are
both in the monohydride and in the dihydride configuration,
which have sizably different bond strengths.*>~*8 The existence
of different facets in the nanocrystallites, which results in
different microscopic environments, may also contribute to
the observed spread in our Si-NPs. A higher value of oy,
when compared to that reported for flat Si/SiO; interfaces,
was also obtained for defect generation in Si-NCs in a-SiO5;
see Table 1.** However, the main contribution to the spread
in this case varies from that of our Si-NPs. The large value
of o, was suggested to result from differences in geometry
of the spherical silicon/oxide interface of Si-NCs in a-SiO,
with respect to the flat (111)Si/SiO, interface studied by
Stesmans.** It was also suggested that the differences in oy
could as well result from the fact that in the time-resolved
PL measurements a wider range of defects may be monitored
when compared to the EPR measurements performed for the
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case of (111)Si/SiO, interfaces.** In the EPR experiments,
only the paramagnetic Si-dbs centers are detected, whereas in
the PL experiments all PL-quenching defects are monitored,
resulting in a larger spread ogy.**

As can be seen in Fig. 2(b), the EPR peak-to-peak
linewidths ABJE) and ABl!p associated with the P;\IP dangling
bonds vary with annealing temperature. Previous studies
carried out on different flat Si/Si0O, interfaces have concluded
that the EPR linewidths of P, centers consist mainly of three
superimposed contributions: (i) a component due to strain-
induced distributions of g, and g, (ii) a component due to
dipolar broadening, resulting from dipole-dipole interactions
among the unpaired electrons, and (iii) a component due to
unresolved 2°Si superhyperfine interactions.’>>* The widths
AB;;, and ABl!p display similar dependencies with annealing
temperature [see Fig. 2(b)], and thus, the origin of the changes
is most probably the same. If these changes would result from
variations in the strain-induced component (i), these should be

much stronger for ABpr than for ABIEUp because g is much

more sensitive to strain than g,>> which is in clear contrast with
our observations. Therefore, we can discard effect (i) as the one
responsible for the linewidth variation. The dipolar broadening
component (ii) is expected to increase when the dangling
bond density increases, following a square-root dependence
ABp;" o /[Si-db].5* The dotted lines in Fig. 2(b) represent
such a dependence taking into account the values of [Si-db]
given in Fig. 3. As can be seen, a reasonable agreement
between the square-root dependence and experimental data
is obtained, indicating that the changes in AB: and ABIUP
can be accounted for by variations in the dipole-dipole
interaction.

Another noteworthy difference between the Si-NPs and
planar Si/SiO, interfaces is found. In the case of planar
Si/Si0; interfaces, vacuum annealing at temperatures higher
than ~640 °C, i.e., above the temperature at which all H
passivation is removed, results in an irreversible generation
of Si-db defects.**** This contrasts with our observations for
Si-NPs, where the defect density measured in the annealing
temperature range 600 to 800 °C is rather constant. The per-
manent degradation of planar Si/SiO, interfaces at annealing
temperatures 2640 °C has been associated to interfacial SiO
extraction preferentially at steps.>® This leads to a reduction
of the interfacial step density and formation of larger terraces,
leaving less room for interfacial adaptation, which is accounted
for by formation of additional Si-db defects.*® The rather stable
density of Si-dbs in Si-NPs for annealing temperatures above
600 °C should therefore be due to the spherical nature of
the Si/SiO; interface, where the formation of large terraces
is not possible. In this case, the release of interfacial SiO
from steps is unfavored and the inherently curved, steplike
interface provides the required interfacial adaptation. This also
agrees with the conclusion put forward above that during
natural oxidation of Si-NPs a quite relaxed surface oxide
shell is formed, resulting in a relatively low incorporation
of Si-dbs.

In summary, we have studied the formation Si-dbs resulting
from thermally-induced H desorption in naturally-oxidized
Si-NPs. We find that the density of interfacial Si-db defects
present in the Si-NPs with a native oxide shell is very
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similar to that typically incorporated in high quality, thermally-
grown SiO; on bulk silicon, indicating the formation of a
readily relaxed surface oxide shell during natural oxidation
of Si-NPs. The kinetics of Si-db formation is found to be
reliably described by a first-order-rate thermal model with a
mean activation energy E; = 2.25 eV and with an associated
Gaussian spread og; = 0.28 eV. The observed deviations in
the reaction-rate parameters obtained for Si-NPs from values
reported in previous studies of other Si-based materials is
attributed to the presence of interfacial hydrides Sis_,, —Si—H,,
with different n. These deviations have the consequence that
the generation Si-db defects in the Si-NPs initiates at a
much lower temperature than one would expect based on
the previously reported kinetics parameters. Unlike the case

PHYSICAL REVIEW B 88, 155430 (2013)

of planar Si/SiO, interfaces, no permanent degradation of
the interface is observed upon high temperature (=600 °C)
annealing of Si-NPs. This is possibly due to their inherently
curved, steplike interface where reduction of interfacial step
density, which is energetically favored in planar Si/SiO;, is
not possible.
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