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Oxidation of freestanding silicon nanocrystals probed with electron spin
resonance of interfacial dangling bonds
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The oxidation of freestanding silicon nanocrystals (Si-NCs) passivated with Si-H bonds has been investigated
for a wide range of oxidation times (from a few minutes to several months) by means of electron spin resonance
(ESR) of dangling bonds (DBs) naturally incorporated at the interface between the NC core and the developing
oxide shell. These measurements are complemented with surface chemistry analysis from Fourier transform
infrared spectroscopy. Two surface phenomena with initiation time thresholds of 15 min and 30 h are inferred
from the dependence of ESR spectra on oxidation time. The first initiates before oxidation of surface Si−Si
bonds and destruction of the NC hydrogen termination takes place (induction period) and results in a decrease
of the DB density and a localization of the DB orbital at the central Si atom. Within the Cabrera-Mott oxidation
mechanism, we associate this process with the formation of intermediate interfacial configurations, resulting from
surface adsorption of water and oxygen molecules. The second surface phenomenon leads to a steep increase of
the defect density and correlates with the formation of surface Si−O−Si bridges, lending experimental support
to theoretically proposed mechanisms for interfacial defect formation involving the emission of Si interstitials at
the interface between crystalline Si and the growing oxide.
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I. INTRODUCTION

Freestanding silicon nanocrystals (Si-NCs) are currently
under intense investigation because they combine the unique
features of Si at the nanoscale (for instance, wavelength-
tunable light emission,1 multiple exciton generation,2 and pos-
sibility of doping3–5) with the versatile and inexpensive device
fabrication associated with nanoparticle processing.6 A variety
of techniques have been used to produce freestanding Si-NCs,
such as solid-gas reaction,7 liquid-phase synthesis,8,9 laser
pyrolysis of silane,10–13 laser ablation,14 laser vaporization-
controlled condensation,15 and plasma-assisted decomposition
of silane.1,6,16,17 Among these, the latter silane plasma method
has proved to be very efficient in producing large quantities
of high-quality Si-NCs passivated with Si–H bonds (silane
plasma Si-NCs) with control over diameter in the range
3–50 nm.1,6,16

Oxidation is one of the most important surface phenomena
both from the fundamental and technological points of view.
Oxidation of H-terminated Si-NCs can readily take place in
air at room temperature,5,18–22 whereas under pure molecular
oxygen atmosphere higher temperatures are required.23,24

Although efficient light emission from silane plasma Si-NCs in
the range from near infrared to orange has been demonstrated,1

the realization of green and blue light emission is necessary
to materialize the full potential of Si-NCs. Theoretical work
has shown that Si-NCs with diameters d < 2.5 nm should be
capable of emitting green and blue light.25–27 Unfortunately,
the high-yield gas-phase methods of freestanding Si-NC
fabrication based on plasma decomposition of silane are only
efficient at producing NCs with diameters above 3 nm.1,16

Surface oxidation is a promising means of reducing the
crystalline core of these Si-NCs down to sizes where short-
wavelength light emission is possible.1 Hydrogen termination
of the resulting surface-oxidized Si-NCs may be reestablished
by wet etching of the oxide shell using hydrofluoric acid,3,18

and further reduction of the Si-NCs size can be attained by
repeating the oxidation-etching procedures. The formation of
an oxide shell also transforms the as-grown Si-NCs (inherently
hydrophobic due to the H termination) into hydrophilic
NCs. In general, surface oxides are also responsible for the
biocompatibility of materials used in medical applications.28

Water solubility and biocompatibility are essential properties
for Si-NCs since these are increasingly regarded as promising
biomaterials.29 In previous investigations of Si-NCs fabricated
by other techniques, it has been found that oxidation may
also result in a redshift of the NCs photoemission.26,30,31

Theoretical calculations indicate that this could originate from
the introduction of intragap energy levels by interfacial Si=O
bonds26,27,32 and Si–O–Si surface bridges.33–35

Although the crystalline core of silane plasma Si-NCs
can be virtually defect free, coordination point defects are
expected to form at the interface between the NC core and an
oxide shell. Two types of interfacial paramagnetic defects have
recently been detected with electron spin resonance (ESR) in
gas-phase-grown NCs containing an oxide shell.4 One was
assigned to a structure similar to that of the so-called Pb centers
in bulk-Si/SiO2 interfaces, i.e., an sp3 dangling bond (DB) on
an interfacial Si atom, backbonded to three Si atoms of the
Si crystal (Si3≡Si•).36,37 The other defect was ascribed to a
Si DB located in a disordered environment.4 A total defect
density of 5 × 1011 cm−2 was found,4 which can be reduced
ten times upon vacuum annealing.38 Similar defects have been
previously observed in porous silicon samples oxidized in
ambient air.39 Combined magnetic resonance and electrical
studies demonstrated that these defects have an adverse impact
as recombination and charge-trapping centers on the electrical
conductivity of Si-NC ensembles3,38 and on the efficiency of
electronic doping with foreign atoms.4 Importantly, degra-
dation of light emission from confined excitons in silane
plasma Si-NCs has been observed, which was attributed to an
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oxidation-induced generation of DBs.1,18 Earlier theoretical
studies indicated that these defects are efficient photolu-
minescence quenchers.25 On the other hand, luminescence
enhancement has been observed after oxidation of Si-NCs
produced by other methods, which has been attributed to an
oxidation-induced passivation of DBs.11,14,15,30,40–44 Distinct
initial surface passivation and oxidation conditions may
explain the apparent discrepancy between different studies.
In an investigation where the oxidation approach of reducing
the NCs size has been explored, the light emission of the
smaller NCs obtained has been associated with defects,1 in
line with findings for Si nanocrystals embedded in amorphous
SiO2 (Ref. 45) and porous silicon.46 Thus, a consensus has
been reached that interfacial defects and, in particular, Si DBs
influence strongly the (opto)electronic properties of Si-NC
ensembles. If we are aware of the detailed dynamics and
mechanisms of the creation and elimination of these defects
during oxidation of silane plasma Si-NCs, we will be in a
position to minimize their negative impact. Moreover, given
the fact that these defects reside essentially at the interface
between the crystalline Si core and the growing oxide shell,
they are extremely sensitive interface probes and therefore
provide invaluable insight into interface phenomena involved
in oxidation of Si surfaces. However, despite their recognized
worth, such studies have not been reported. In principle, one
could rely on information obtained for H-terminated bulk-Si
surfaces to infer the behavior of interfacial defects on silane
plasma Si-NCs (H terminated). Because of its importance for
the fabrication of electronic devices, the oxidation of bulk-Si
has been widely investigated via a variety of experimental
and theoretical methods.47–55 However, studies monitoring
the evolution DB interfacial defects upon oxidation of H-
terminated bulk-Si surfaces have not been reported since the
time scale of surface reactions in the early oxidation stages is
shorter than the time required to acquire enough ESR scans to
detect interfacial DB centers due to the relatively low density
of these defects. As far as theoretical modeling is concerned,
existing studies indicate that the Pb centers in bulk-Si/SiO2

interfaces are a product of the emission of interfacial Si atoms
to release strain generated due to the formation of Si−O−Si
bonds.47,48 To date, experimental evidence directly linking the
creation of Pb defects with the formation of Si−O−Si bridges
has been elusive.

In the present work, we use ESR recorded in situ, in com-
bination with Fourier transform infrared (FTIR) spectroscopy,
to study the oxidation of silane plasma Si-NCs. The present
success in observing the dynamics of DB defects from a
very early oxidation stage resulted from appropriate sample
preparation and from the huge total surface provided by an
ensemble of Si-NCs, as opposed to that of a bulk-Si sample. In
this way, we gain knowledge of how oxidation influences the
density and wave function of interfacial defects and correlate
these with simultaneous changes at the surface structure.

II. EXPERIMENTAL DETAILS

Freestanding Si-NCs were synthesized in a nonthermal
rf plasma with a frequency of 13.56 MHz and a power of
175 W. The flow rates of precursors were 6 standard cubic

FIG. 1. XRD patterns recorded (i) for as-grown Si-NCs (d =
5.5 ± 0.1 nm) and (ii) for the same NCs after complete oxidation
(d = 4.9 ± 0.1 nm).

centimeters per minute (sccm) of silane and 200 sccm of
argon. The reactor is a pyrex tube with a 22-mm internal
diameter, and reactor pressure was held constant during
synthesis at 3.6 Torr.16 The crystalline diffraction pattern was
measured using a Bruker-AXS microdiffractometer with a
2.2-kW sealed Cu x-ray source. An x-ray diffraction (XRD)
pattern of as-grown Si-NCs is shown in curve (i) of Fig. 1,
from which the mean NC diameter was calculated to be
d = 5.5 ± 0.1 nm using the Scherrer equation. For preparing
samples for ESR measurements, the Si-NCs were collected
from the plasma as a powder using a mesh, and for the FTIR
measurements the Si-NCs were deposited from the plasma via
inertial impaction onto gold-coated silicon substrates. To avoid
oxidation, as-grown Si-NCs were transferred under vacuum
condition from the synthesis reactor to a nitrogen-purged
glovebox (oxygen and moisture level below 30 ppm), where
further sample preparation for ESR and FTIR was carried out.
For ESR measurements, a few milligrams of Si-NC powder
was pressed into the bottom of ESR sample tubes (suprasil
quartz, ∼20 mm long), and afterward the open end of the
tubes was sealed with epoxy glue in order to enable their
transport from the glovebox to the ESR spectrometer without
exposing the NCs to air. The transfer of the FTIR samples
from the glovebox to the FTIR spectrometer was carried out
using a gas-tight chamber that was sealed inside the glovebox.
To initiate oxidation of the Si-NCs in the ESR and FTIR
samples, we cleaved the top end of the ESR tubes in ambient
air and opened the sample transport chamber to ambient air,
respectively. The samples were immediately after introduced
in the respective spectrometry apparatuses, and measurements
were started. Our procedures allowed reducing the exposure
time of the NCs to air down to 2 min before the first ESR
or FTIR measurement was carried out. We estimate that the
ambient pressures of water and oxygen are stabilized in Si-NC
porous networks of the ESR and FTIR samples in only a
few seconds after air exposure, and therefore, the diffusion of
these molecules into the samples should not play a role in the
discussion presented in this work. ESR measurements were
performed at room temperature in continuous-wave Bruker
spectrometers mounted with X-band microwave bridges. The
spin-density measurements were calibrated using a diphenyl-
picrylhydrazyl (DPPH) reference, magnetic field values were
measured using a nuclear magnetic resonance Teslameter
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(resolution better than 5×10−3 mT), and the microwave fre-
quency was measured with a frequency counter with resolution
above 0.00001 GHz. Under these experimental conditions,
spin-density and g-value variations of at least 10% and
3×10−5, respectively, can be distinguished. FTIR measure-
ments were carried out with a nitrogen-purged Nicolet Series II
Magna-IR System 750 spectrometer, equipped with a glowbar
light source, a KBr beam splitter, and a mercury-cadmium-
telluride detector. All absorbance spectra were recorded in dif-
fuse reflection mode at room temperature with a resolution of
2 cm−1 and averaged over 100 scans. A bare gold-coated
silicon wafer was used as a reference. The samples were
exposed to air all the time between consecutive measurements.

III. EXPERIMENTAL DATA

A. Electron paramagnetic resonance

Figure 2 shows ESR spectra measured for a Si-NC sample
at three different times of exposure to air (tox). The spectra
show a structured band in the region of g � 2, which can be
well reproduced by a sum of an axially symmetric powder
pattern of Lorentzian lines (dashed curves), whose linewidths
increase linearly from the direction parallel to the symmetry
axis to the perpendicular direction, and a relatively less intense
line with Gaussian shape (dotted curves). The two spectral
components originate from axially symmetric and isotropic
defects with electron spin S = 1/2. The spectra obtained
for the full range of oxidation times investigated, spanning
from a few minutes to several months, were fitted with the

FIG. 2. (Color online) ESR spectra recorded with Si-NCs for dif-
ferent oxidation times tox (open circles), together with corresponding
computer simulations (solid curves), taking into account a powder
pattern of axial symmetry (dashed curves) and an isotropic resonance
(dotted curves).

FIG. 3. (Color online) Dependence of (a) DB density and
(b) intensity of FTIR bands from the surface species Si−O−Si,
Si4−x−Si−Hx , and O3−Si−H as a function of tox.

two-component spectrum, from which the defect densities
and ESR spectral parameters were extracted.56 The obtained
dependence of the defect density as a function of tox is depicted
in Fig. 3(a). The contribution of axial defects is dominant since
they always represent more than 85% of the total number
of defects. The evolution of the parameters g⊥ and g‖ of
the axial spectral component as a function of tox and their
respective ESR peak-to-peak linewidths �B⊥

pp and �B
‖
pp are

shown in Fig. 4. As can be seen in Fig. 3(a), the defect
density displays a decrease from 4.3 × 1010 to 3.1 × 1010

cm−2 over the first 10 h of air exposure. An increase of the
defect density is observed for oxidation times above tox ∼ 30 h,
indicated by the dotted vertical lines in Figs. 3 and 4, followed
by a saturation at about 5.5 × 1010 cm−2 at tox ∼ 800 h
(33 days), represented by the dashed vertical lines. As can be
seen from Fig. 4, the values of g⊥ = 2.0086 and g‖ = 2.0019
observed after complete oxidation of the NCs (tox > 800 h)
are very close to those reported for the Si3≡Si• defects in
bulk-Si/SiO2 interfaces (Pb centers).57,58 Thus, we assign the
axial component of our spectra to a Si3≡Si• defect in the
interface between the NCs core and the growing oxide shell,
denoted hereafter P NC

b to distinguish from the Pb centers
in bulk-Si/SiO2 interfaces. The g value and peak-to-peak
linewidth observed after complete oxidation for the isotropic
spectral component are gD = 2.0053 and �BD

pp = 0.65 mT,
respectively, corresponding to spectrum (iii) in Fig. 2. These
values are very close to those typically found for the Si DBs
in a disordered environment, which have been observed in
bulk-Si/SiO2 interfaces,59 and in amorphous Si.60 Therefore,

155327-3



PEREIRA, ROWE, ANTHONY, AND KORTSHAGEN PHYSICAL REVIEW B 83, 155327 (2011)

FIG. 4. (Color online) Evolution of ESR parameters (a) g⊥,
(b) g‖, and (c) �B⊥

pp and �B‖
pp of the axial spectral component

(P NC
b centers) as a function of tox. Solid curves represent fits of the

data for tox < 200 h with Elovich dependencies. The same value
of characteristic time tm, indicated by the vertical solid line, was
considered for the three sets of data.

we assign this spectral component to the same type of defect
in our Si-NCs.

B. Fourier transform infrared spectroscopy

Figure 5 shows sections of the FTIR spectra of Si-NCs
recorded for different tox. In the first collected spectrum
(within 0.033 h of air exposure), the spectral region of
Si−H stretching modes is dominated by a structured band
at 2000–2150 cm−1 due to Si4−x−Si−Hx (x = 1, 2, 3) surface
hydride groups.1,3,6,18,19,61 In the lower energy range a band
centered at 1045 cm−1 is observed, originating from Si−O−Si
bridges.1,3,18,19,61 The appearance of a small Si−O−Si band,
as well as the observation of Pb-type defects, in the as-grown
Si-NCs is most likely due to a small oxygen contamination of
NCs during synthesis. A significant decrease of the hydride
band is observed in the spectrum recorded for tox = 218 h,
while the intensity of the band in the 1000–1250 cm−1 spectral

FIG. 5. Sections of FTIR spectra in the range of stretching modes
of surface Si−O−Si and Si−H bonds recoded with Si-NCs for
different oxidation times.

region due to Si−O−Si bonds displays a strong increase.
These changes are accompanied by the emergence of a line at
2202 cm−1 due to Si−H stretching in intermediate oxidation
states O2−Si−H2 and O2Si−Si−H and a line at 2255 cm−1

from O3−Si−H surface bonds.3,19,61–63 A more detailed
discussion of the origin of FTIR bands analyzed in the present
study is given in Refs. 3, 18 and 19. The dependence of the
intensity of the bands of Si−O−Si bonds, surface hydrides
Si4−x−Si−Hx , and O3−Si−H surface bonds as a function
of tox is shown in Fig. 3(b). The intensities of these bands
were estimated by numerical integration of the spectra in
the 995–1350, 1885–2145, and 2220–2400 cm−1 spectral
intervals, respectively.

IV. DISCUSSION

An important point regarding the oxidation dynamics
demonstrated by the data shown in Fig. 3(b) is that the
surface of the Si-NCs is relatively stable against oxidation
for many hours of air exposure. After a period of nearly
30 h characterized by a very slow oxidation, the oxidation
accelerates in a logarithmic fashion until it reaches saturation
at a long-term exposure of approximately 800 h. A crystalline
core diameter d = 4.9 ± 0.1 nm is estimated from the XRD
pattern (Fig. 1) recorded after oxidation has reached saturation,
indicating a growth of the oxide shell of about 0.3 ± 0.1 nm,
in line with early observations for bulk-Si surfaces.50,52 A
slow-fast-slow evolution of Si−O−Si formation with log(tox)
has also been reported for ambient-air oxidation of bulk-Si
surfaces terminated with hydrogen, with the initial period of
slow oxidation, referred to as the induction period, ranging
from 3 to 170 h (7 days), depending on the Si surface index,
air humidity, and the initial amount of residual Si−OH groups
at the surface.49–52,54 It has been shown for bulk-Si surfaces
that the duration of the induction period is shorter for higher air
humidity and higher density of residual Si−OH groups.52,54

In the following, we assume that oxidation of our Si-
NCs follows the Cabrera-Mott mechanism, as supported
by previous investigations on similar Si-NCs.5,19 This is
the mechanism considered earlier in the description of the
ambient-air oxidation of bulk-Si surfaces, i.e., in the simul-
taneous presence of water and oxygen molecules,55 and is
schematically represented in Fig. 6. Accordingly, the polar
water molecules adsorb preferentially at surface silanol groups
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FIG. 6. Scheme of the steps that take place within the Cabrera-
Mott theory in the early stages of ambient-air oxidation of a passivated
Si surface (in the presence of water and oxygen molecules).

(step 2), to the detriment of the hydrophobic Si−H surface
bonds.52,54 These water molecules then aid in the cleavage
of Si−Si backbonds of Si−OH due to their strong polarity
(step 2). After this, an electron is transferred from the broken
bond to an adsorbed O2 molecule (step 3), and the resulting
electrostatic potential forces the O−

2 to drift toward the cleaved
Si−Si bond (step 4), leading to the oxidation of this bond
and of a neighboring Si−Si bond (step 5).55 The latter
step initially involves the formation of a disilperoxo bridge
Si−O−O−Si, which is subsequently transformed in the two
Si−O−Si groups via Bartlett’s butterfly mechanism.55 Within
the mechanism represented in Fig. 6, it is understood that the
physical processes taking place prior to formation of Si−O−Si
bridges (steps 1–4) are behind the existence of the induction
period. We should also note that this model is fully compatible
with the observed stability of the H termination of our NCs
during the induction period.

As can be seen from Fig. 4, the shifts observed for the
ESR parameters associated with the P NC

b centers already occur
during the induction period (i.e., for tox before the dotted lines
in Fig. 4). Thus, changes of the defect environment during the
early stages of air exposure are not due to formation of surface
Si−O−Si bonds. These should rather be due to changes at
the NC surface resulting from a configuration that is formed
after adsorption of water and oxygen molecules takes place
(steps 2–4 in Fig. 6). The dynamics of physical processes and
reactions on solid surfaces can be described by the Elovich
equation:64

nm(t) = λmtm ln

(
1 + t

tm

)
, (1)

where t is time, nm is the amount of reaction products, and λm

and tm are reaction rate and characteristic time, respectively.
Assuming a linear dependence between nm and the ESR pa-
rameters g⊥, �B⊥

pp, and �B
‖
pp, the variation of these parameters

with tox becomes proportional to tm ln (1 + tox/tm). The results
of fitting the dependence of g⊥, �B⊥

pp, and �B
‖
pp on tox with

such a dependence are shown in Fig. 4 as solid lines. As can be
seen, for tox below 800 h (33 days), i.e., before the P NC

b density
and Si−O−Si bond formation reach saturation, the three sets
of data are well described by Elovich dependencies with the
same value of characteristic time tm = 0.24 h (14.4 min).
This shows that the observed changes in ESR parameters most
likely result from the same surface process.

The ESR parameters are closely related to the electronic
and microscopic structures of paramagnetic states. From the
deviation of the g values from the free-electron value ge, due
to spin-orbit coupling, changes on the electronic structure of
the P NC

b defects can be inferred. The values of the g tensor can
be approximated using the expression65

gαβ = ge + 2
∑
n�=0

∑
k〈0|Lk

α|n〉λk〈n|Lk
β |0〉

ε0 − εn

, (2)

where |0〉 and |n〉 are the DB wave functions of the ground
and the excited states, respectively, ε0 and εn are the energies
of the ground and excited states, respectively, λk is the
spin-orbit coupling constant of atom k neighboring the DB,
which depends on its position relative to that atom, and
Lk

α,β are components (α,β = x,y,z) of the orbital angular
momentum operator with respect to the position of atom k.
Here we consider the axis of symmetry to be the z axis, i.e.,
g‖ ≡ gzz and g⊥ ≡ gxx = gyy . The ground-state wave function
of the unpaired electron |0〉 can be constructed as a linear
combination of 3s and 3p atomic orbitals of Si, denoted |s〉
and |p〉, respectively, centered on the atom sites near the DB:66

|0〉 =
∑

k

ηk(σk|s〉 + πk|p〉), (3)

where the coefficients ηk , σk , and πk obey the normalization
conditions

∑
k η2

k = 1 and σ 2
k + π2

k = 1 for all k.67 It is
obvious that s orbitals do not contribute to the shift of g from
ge because Lk

α,β |s〉 = 0. From previous investigations,36,66–68

we know that the 3s-3p hybridization at the central Si
atom (k = 1) for centers with the same Si3≡Si• structure
is quite insensitive to the specific environment of the defect
since very distinct centers, such as the E center in Si,66

the Pb centers in bulk-Si/SiO2,36,67 and the D centers,68 are
characterized by very similar 3s and 3p hybridization com-
ponents of σ 2

1 = 0.06–0.14 and π2
1 = 0.86–0.94, respectively.

Thus, changes on the unpaired-electron hybridization ratio
should not account for the observed behavior of g‖ and g⊥
upon air exposure. Hereafter, we assume constant values of
σ 2

1 = 0.1 and π2
1 = 0.90 for these parameters. The value η2

1
represents the probability density of the unpaired electron at
the central site of the DB. For Pb defects in various types
of thermal (111) and (100)Si/SiO2 interfaces and in oxidized
porous Si, this is found to be in the range η2

1 = 0.58–0.67,36

with the remaining probability density distributed among the
neighboring sites. Hence, the wave function of Pb centers
consists almost of a 3pz orbital |pz〉 located on the central
Si atom. This leads to the fact that, for this type of center,
(g‖ − ge) ∼ 0 since the terms 〈n|Lk

z |0〉 in Eq. (2) are very
small because 〈pα|Lz|pβ〉 is nonzero only when α = β and
the contribution of |pz〉 to |n〉 is small. In contrast, (g⊥ − ge)
has a larger value because 〈n|Lk

x,y |pz〉 �= 0. This is also valid
in the full range of g values observed for our P NC

b centers,
where | g⊥ − ge |= 0.0055–0.0063 is about one order of
magnitude above | g‖ − ge |= 0.0005–0.0007. In a previous
study,66 Watkins and Corbett have carried out a simplified
calculation of g‖ and g⊥ for Si3≡Si• centers considering only
the Si central atom and its three nearest neighbors and only the
dominant first-order term in the spin-orbit interaction, i.e., only
k = 1 in Eq. (2). In their model, simple one-electron bonding
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and antibonding molecular orbitals between the central atom
and its neighbors were used as approximations to the excited
localized valence and conduction band states in the sum of
Eq. (2). The calculation led to the results66

g‖ = ge, (4)

g⊥ = ge + λ1γ
2
1

(
1

Eb

− 1

Ea

)
, (5)

where Ea and Eb are the energies of the bonding and
antibonding orbitals, respectively, and γ 2

1 is the probability
density of the 3pz orbital at the central Si site, which, according
to Eq. (3), can be approximated to γ 2

1 ≈ η2
1π

2
1 . As readily

expected, the model predicts a zero deviation of g‖ from
ge, which explains the relatively weak change of g‖ upon
oxidation of the NCs compared to g⊥. From the initial value
of g⊥ = 2.0078, corresponding to spectrum (i) in Fig. 2, to the
saturation value of g⊥ = 2.0086, the g⊥ value displays a total
change of �g⊥ = 0.0008. In contrast, a much smaller change
of �g‖ = 0.0002 is observed for g‖ over the same period of tox.
Assuming a negligible variation of (1/Eb − 1/Ea) and taking
into account a constant π2

1 as discussed above, the increase of
g⊥ with tox can be understood in terms of an enhancement of
the localization of the unpaired-electron density on the central
Si atom, i.e., an increase in η2

1. The increase of g⊥ with the
localization of the unpaired electron can also be qualitatively
understood from Eq. (2) since a larger density of the 3pz orbital
at the DB site will result in larger contribution of Lx,y |pz〉.
Using Eq. (5) and the data shown in Fig. 4(a), we estimate
that the unpaired-electron wave function becomes ∼15% more
localized on the central Si atom after complete oxidation of the
NC surface. This value could correspond to a lower limit of the
unpaired-electron localization since such localization could
lead to a small decrease of the term (1/Eb − 1/Ea). Since
g⊥ is larger than ge, the term (1/Eb − 1/Ea) is positive and
Eb < Ea . A localization of the defect state is expected to lead
to a deepening of its energy level,69,70 i.e., an increase of Eb

and a decrease of Ea , which would lower the (1/Eb − 1/Ea)
term in Eq. (5). Larger g⊥ have also been associated with
an enhanced localization of the unpaired-electron state in
previous studies to explain the larger g⊥ of Pb centers in
bulk-Si/SiO2 compared to the g value of D centers68 and to
explain the increase of g⊥ of surface Si DBs observed upon
low-pressure oxidation of an unpassivated bulk-Si surface.71

We shall now discuss the changes in the widths �B
‖
pp and

�B⊥
pp with tox, shown in Fig. 4(b). Previous studies carried out

in different bulk-Si/SiO2 interfaces have concluded that the
ESR linewidths of Pb centers consist mainly of three super-
imposed contributions: (i) a component due to strain-induced
distributions of g‖ and g⊥, (ii) a component due to unresolved
29Si superhyperfine interactions, and (iii) a component due to
dipolar broadening, resulting from dipole-dipole interactions
among the unpaired electrons.37,72 As discussed above, the
widths �B

‖
pp and �B⊥

pp display similar dependencies with tox

(see Fig. 4), 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 �B⊥

pp than for �B
‖
pp because g⊥ is much more sensitive

to strain than g‖, as readily discussed in Ref. 37. We observe
similar changes of 0.19 ± 0.03 mT and 0.14 ± 0.01 mT for

�B
‖
pp and �B⊥

pp, respectively, over the entire time span of
the experiments, and therefore, we can discard effect (i) as
the one responsible for the linewidth variation. We can also
rule out that these variations originate from changes in the
dipolar broadening component (iii) because in such a case
an increase in defect density should be accompanied by an
increase of �Bpp and vice versa, which is in clear contrast with
our experimental data. The decrease of �B

‖
pp and �B⊥

pp with
tox could result in part from changes of the line broadening
component (ii), originating from unresolved superhyperfine
interactions of the unpaired-electron spin with the nuclear
spin of atoms neighboring the central Si site. In the case of
Pb centers, values in the range 0.5–0.1 mT are expected for
the superhyperfine splitting with five different Si sites in the
vicinity of the central Si atom.73 According to the localization
effect discussed above, the enhancement of the localization
of the unpaired-electron density on the central Si atom is
accompanied by a decrease of electron-density probability at
the neighboring atomic sites, i.e., a decrease of ηk for k > 1 as a
result of the normalization condition

∑
k η2

k = 1. The splitting
of the spin energy states due to the superhyperfine interaction
is proportional to the DB wave-function coefficient ηk at the
corresponding atom. The decrease in the coefficients ηk (for
k > 1) leads to a narrowing of the superhyperfine splitting with
each individual atomic site and, consequently, to a reduction
of the spread of the ESR resonances which contain such
unresolved structure. Although a Gaussian line shape is usually
expected for unresolved superhyperfine interaction, a group
of researchers found that for Pb defects in bulk-Si/SiO2 the
linewidth component assigned to unresolved superhyperfine
structure is better described by a Voigt line shape (convolution
of Lorentzian and Gaussian line broadening).74 Moreover,
in a later detailed investigation of Pb ESR linewidths, the
same group successfully approximated the superhyperfine
broadening component to a purely Lorentzian line shape.37 On
the other hand, we cannot rule out an additional contribution
to the linewidth resulting from spin-lattice relaxation, which
seems to be absent in ESR lines of previous Pb defect studies
in bulk-Si/SiO2 (Refs. 74 and 37) since the spin relaxation
mechanisms in our P NC

b centers (before complete formation a
surface oxide) may be different. Moreover, our in situ oxidation
measurements have been carried out at room temperature,
in contrast to the previous studies of Pb centers performed
at liquid-helium temperatures.37,74 A spin-lattice relaxation
component would contribute to the line shape has a Lorentzian
broadening. A decrease in such a broadening component could
also contribute to the observed decrease of the linewidth with
tox. A decrease of the width of ESR lines from surface Si DBs
has also been reported to occur upon oxidation of unpassivated
bulk-Si surfaces.71 In Ref. 71, this linewidth narrowing has
been associated with an increase of the spin-lattice relaxation
time, which resulted from an oxidation-induced localization of
the unpaired-electron state.71 A similar effect could take place
in our case, where the localization of the DB state discussed
above would lead to a longer spin-lattice relaxation time. We
would like to note that should adsorbed oxygen molecules
have an effect on the ESR linewidths, these would be expected
to result in a line broadening75 and therefore cannot account
for our observations. Oxygen molecules (paramagnetic) in
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the vicinity of paramagnetic states provide an efficient spin
relaxation path, which results in a shortening of spin relaxation
times and, consequently, in a linewidth increase.75

As mentioned above, we assign the changes in the P NC
b

defect environment, which lead to the defect localization, to
changes at the NC surface resulting from a configuration that
is formed after adsorption of water and oxygen molecules
and before surface Si−O−Si bonds are formed (steps 2–4
in Fig. 6). However, it is difficult to establish which of
the possible configurations associated with the steps 2–4 is
responsible for these changes. Nonetheless, it is reasonable
to assume that surface configurations associated with steps 2
and 3 lead to a localization of P NC

b DB charges since those
configurations will result in a polarization of the interface
region, pushing electron density toward the Si atom where
the DB is located. The decrease of DB density observed in
the early stages of air exposure should also result from a
surface reaction that takes place before formation of Si−O−Si
bridges. In a previous study of photoluminescence (PL) from
confined exciton recombination in Si-NCs present in freshly
prepared porous silicon, a two-stage behavior of the PL
intensity as a function of oxidation time has been observed.30

Namely, an initial PL increase, which has been interpreted
as resulting from passivation of DB defects, was followed
by a PL quenching due to oxygen-related surface states
formed during oxidation.30 Our experimental data seem to
support this interpretation. However, the two studies cannot be
directly compared due to the vastly different Si-NC preparation
methods and oxidation conditions applied. The surface process
behind the observed initial decrease of the DB density in
our Si-NCs is not clear. This could result from an effective
passivation of DBs via, e.g., the reaction Si3≡Si• + H2O →
Si3≡Si−OH + H. On the other hand, it could also result from
a charge transfer process involving the surface configurations
associated with step 3 in Fig. 6, where the unpaired electron of
the DB (not represented) is captured at the positively charged
site of the broken bond. Here the Si−Si bond is restored,
and the DB defect becomes positively charged and, therefore,
undetectable by ESR. Clarification of whether these processes
are energetically favorable may be provided by future studies
based on first-principles calculations.

From comparison of the data shown in Figs. 3(a) and
3(b), it is clear that the increase of the density of interfacial
P NC

b defects is accompanied by a simultaneous increase of
the Si−O−Si vibrational band intensity, supporting previous
theoretical studies of Pb defect formation.47,48 First-principles
studies of bulk-Si surfaces have predicted that strong lo-
cal stress arises around Si−O−Si bridges formed during
oxidation.53 To release the stress, Si atoms participating in
newly formed Si−O−Si bonds are emitted, leaving behind a
bridge-bond oxygen (BBO) and unsatisfied orbitals at nearest-
neighboring silicon atoms.53 These dangling orbitals may form
bonds between them53 or remain unsaturated as Pb centers,47,48

depending on the location of BBO formation. Our data provide
compelling experimental evidence in support of the surface
phenomena that theory predicts to take place during oxidation
of the H-passivated Si surface.47,48 We should mention that
the oxidation-induced increase of DB density takes place in
our Si-NCs (H passivated), but the opposite may occur in
unpassivated (or only partially passivated) Si-NCs containing
an initially high density of defects. In this situation, oxidation
could result in a reduction of defects, as previously observed
in the case of unpassivated bulk-Si surfaces.71

V. CONCLUSIONS

The oxidation of H-passivated silane plasma Si-NCs was
probed by means of in situ ESR of interfacial DBs and surface
structure analysis from FTIR spectroscopy. Our data allow
important conclusions regarding fundamental aspects of Si-NC
oxidation. Two surface processes with initiation time thresh-
olds of about 15 min and 30 h were identified. The first process
leads to a decrease of the defect density and to a localization
of the interfacial DB wave function at the central Si site,
consistent with the observed increase of g⊥ and decrease of
ESR linewidths associated with the paramagnetic state. From
analysis of the experimental data within the Cabrera-Mott
oxidation theory, we assign this process to the formation of
intermediate surface configurations resulting from adsorption
of water and oxygen molecules, which takes place before
surface Si−O−Si bonds are formed. The second process leads
to an increase of the interfacial defect density and correlates
with the formation of surface Si−O−Si bridges, lending
experimental support to theoretically proposed mechanisms
of Pb defect formation,47,48 involving the emission of Si
interstitials at stressed Si−O−Si interfacial bonds.
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