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ABSTRACT: The role of surface species in the optical properties of silicon
nanocrystals (SiNCs) is the subject of intense debate. Changes in photo-
luminescence (PL) energy following hydrosilylation of SiNCs with alkyl-
terminated surfaces are most often ascribed to enhanced quantum confinement
in the smaller cores of oxidized NCs or to oxygen-induced defect emission. We
have investigated the PL properties of alkyl-functionalized SiNCs prepared using
two related methods: thermal and photochemical hydrosilylation. Photochemi-
cally functionalized SiNCs exhibit higher emission energies than the thermally
functionalized equivalent. While microsecond lifetime emission attributed to carrier recombination within the NC core was
observed from all samples, much faster, size-independent nanosecond lifetime components were only observed in samples
prepared using photochemical hydrosilylation that possessed substantial surface oxidation. In addition, photochemically modified
SiNCs exhibit higher absolute photoluminescent quantum yields (AQY), consistent with radiative recombination processes
occurring at the oxygen-based defects. Correlating spectrally- and time-resolved PL measurements and XPS-derived relative
surface oxidation for NCs prepared using different photoassisted hydrosilylation reaction times provides evidence the PL blue-
shift as well as the short-lived PL emission observed for photochemically functionalized SiNCs are related to the relative
concentration of oxygen surface defects.
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Following the discovery of light-emitting porous silicon by
Canham,1 many materials based on nanostructured silicon

(e.g., silicon nanocrystals (SiNCs)) have been investigated as
candidate active systems for optoelectronics devices, ultrafast
data communication, and data storage, as well as fluorescent
labels and biological sensors.2−8 Despite these important
practical advances, no clear consensus regarding the origin of
optical emission from SiNCs exists.9−17 Bulk Si does not show
efficient luminescence because of its indirect bandgap.18

However, efficient photoluminescence (PL) from nanostruc-
tured silicon has been widely observed; it has been explained in
the context of quantum confinement and defect and surface
states.17,19−29

As expected, PL resulting from the influence of quantum
confinement in SiNC cores is size dependent and shifts in the
maximum emission energy are inversely proportional to
nanocrystal size. In addition, the PL dynamics associated with
SiNC core emission range throughout the nanosecond (ns) to
microsecond (μs) time scales. Long-lived PL (i.e., μs time
scale) observed in the yellow to infrared spectral region is often
attributed to quasi-direct30 and phonon-assisted radiative
recombination in the core states of larger SiNCs;14,31 short-
lived blue-green emission (i.e., ns time scale) is often attributed

to quasi-direct recombination in smaller (diameter <2 nm)
SiNCs.11,29,32−35

Surface chemistry has also been implicated in the PL and
emission dynamics of SiNCs.36 Nanosecond PL in the blue-
green and yellow-red spectral regions has been attributed to fast
recombination of carriers in surface states (or defects)
introduced as a result of ligand passivation and
oxidation.37−43 For blue-emitting alkyl-functionalized SiNCs,
charge transfer to surface states has been suggested as one
possible mechanism for nanosecond PL decay times.44−46 For
yellow/orange-emitting SiNCs, the origin of similarly short-
lifetime PL and a concomitant blue-shifted PL maximum has
been attributed to various silicon−oxygen species on the NC
surfaces.15 Contrasting this, suggestions that surface oxidation
leads to a decrease in SiNC size that induces a blue-shift of the
PL emission maximum have appeared.47 Complicating the
community’s understanding, other reports claim surface
oxidation induces a red-shift of the PL maximum.17,33 The
authors explained this latter observation by invoking the
presence of surface silanones (SiO) that purportedly
introduce new electronic states that lead to “trapped-electron-
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to-band” recombination. While molecular analogues of the
proposed silanone surface groups have been reported, they
require substantial stabilization.48−51 In light of the extreme
reactivity of the SiO moiety and that the stabilization effects
of the nanoscale silicon surface cannot be readily predicted, the
presence of these species must be considered cautiously.
Indeed, nanosecond PL lifetimes observed for alkyl-function-
alized and hydride-terminated freestanding yellow/orange
emitting SiNCs have been associated with significant surface
oxidation.15,38,41 These seemingly contradicting observations
and proposals underscore that the impact of oxygen-containing
species on the PL response of SiNCs remains an unresolved
issue.52−54 In this contribution, we investigate the origin of the
blue-shift of the PL maximum and nanosecond PL lifetime
observed for alkyl-functionalized SiNCs fabricated using two
complementary hydrosilylation approaches (i.e., thermal and
photochemical initiation). Established differences associated
with the efficacy of these closely related functionalization
procedures allow for direct comparison of the impact of surface
oxide on PL response.

■ RESULTS AND DISCUSSION

Well-defined SiNCs used in the present study were prepared
using a well-established procedure developed in the Veinot
laboratory.55 Briefly, commercial hydrogen silsesquioxane was
thermally processed in a slightly reducing atmosphere (95%
Ar/5% H2) at 1100 °C (for 3 nm SiNCs) and 1200 °C (for 5
nm SiNCs) to yield well-defined SiNCs embedded in a SiO2-

like matrix. Hydride-terminated SiNCs were freed from the
oxide matrix via HF etching. Subsequent surface modification
with dodecyl groups was achieved using thermal or photo-
chemical hydrosilylation 1-dodecene. A deep orange solution
was obtained after 3 h from thermally induced surface
modification. In contrast, even after 15 h of photochemical
hydrosilylation, an orange/brown cloudy suspension was
observed. This difference in appearance is reasonably attributed
to the functionalization of the NC surfaces during thermal
hydrosilylation that render them compatible with organic
solvents and less efficient surface passivation being achieved via
the photochemically initiated reaction (vide infra). Trans-
mission electron microscope (TEM) imaging and correspond-
ing size distributions (Figures 1 and S1) of the dodecyl-
functionalized SiNCs indicate NCs modified using these two
procedures possess near identical, statistically equivalent
dimensions.
Fourier transform infrared (FTIR) spectra of 5 and 3 nm

SiNCs are shown in Figures 2a and S2a, respectively. Freshly
etched hydride-terminated SiNCs exhibit two distinct absorp-
tions that are confidently attributed to Si−Hx stretching and
scissoring (i.e., 2000−2100 and 900 cm−1). Following hydro-
silylation with 1-dodecene, the Si−Hx features are replaced by
intense vibrations at 2650−2900 and 1380−1470 cm−1,
indicative of C−H stretching and bending vibrations of dodecyl
surface moieties. Consistent with other studies,56−58 we note
Si−O−Si stretching features at about 1100 cm−1, indicative of
some surface oxidation. A straightforward comparison of the

Figure 1. Bright-field TEM images and size distribution of ensembles of 5 nm dodecyl-passivated silicon nanocrystals functionalized via thermal (a,
b) and photochemical (c, d) hydrosilylation approaches (reaction time = 15 h).
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FTIR spectra suggests the surfaces of photochemically
functionalized SiNCs consistently bear more Si−O species
than their thermally modified equivalents.59

X-ray photoelectron spectroscopy (XPS) is commonly used
to gain insight into the nature (i.e., speciation and quantity) of
surface oxidation on alkyl-functionalized SiNCs.28,31,60,61 All
spectra (see Figures 2 and S2) confirm only Si, C, and O are
present in the SiNC samples studied here. The Si 2p spectral
region of the high-resolution XP spectrum of the thermally and

photochemically modified 5 nm diameter particles are shown in
Figure 2b and c, respectively. The emission feature at 99.3 eV
arises from the Si(0) core of the SiNCs.61 The broad feature
between about 100 and 104 eV is routinely fit to components at
100.3 (Si(I)), 101.4 (Si(II)), and 102.4 (Si(III)) arising from
ligand functionalized surface and Si suboxides; an additional
component at 103.4 eV (Si(IV)) is consistent with SiO2.

28,61−64

Consistent with FTIR analyses (vide supra), spectral features
attributable to surface oxides appear for thermally and
photochemically modified samples, and the oxide features, in
particular, the significant Si(IV) emission, are more intense for
photochemically functionalized samples. Of important note, the
XP spectrum of thermally modified 5 nm SiNCs is similar to
that of its 3 nm counterpart (Figure S2), however, the
contribution of Si(IV) species is smaller in the former. In
contrast, the photochemically modified 5 nm SiNCs showed
the highest relative content of Si(IV) of all samples evaluated
here.
Figure 3a,b shows the time-integrated PL of surface-modified

SiNCs (d = 3 and 5 nm) excited by 400 nm laser pulses at a
fluence of 77 μJ/cm2. The time-integrated PL maxima are
summarized in Figure 4. Regardless of the functionalization
method employed, increasing the NC size from 3 to 5 nm
induces a red-shift of the PL maximum (i.e., 49 nm for thermal
and 88 nm for 15 h photochemical), suggestive of quantum
confinement. All samples exhibit broad PL spectra with
Gaussian-like profiles. The line widths of the PL arising from
thermally modified SiNCs are broader than their photo-
chemical counterparts. The origin of the observed broadening
of SiNC PL is complex. While some broadening may arise from
the distribution of particle sizes present in the sample (i.e., as a
result of quantum confinement), single dot spectroscopy
studies of individual SiNCs also show broad emission
spectra.65,66

A comparison of the optical response shows the PL
maximum of photochemically functionalized SiNCs (Figure
3b) is blue-shifted from that of analogous thermally function-
alized SiNCs (Figure 3a). As noted above (Figures 1 and S1),
TEM analyses of the samples indicate there is no statistically
relevant difference in their sizes. However, a qualitative
inspection of the TEM size distributions suggests the PL may
be influenced by a biasing of the particle size distribution that
may result from the established size-dependent reactivity of
photochemical hydrosilylation.59 To explore this possibility, the
SiNC diameter corresponding to the PL peak emission was
calculated using the effective mass approximation (EMA):67−69
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where Eg is the band gap of bulk silicon (1.12 eV), R is the
nanocrystal radius, e is the electronic charge, εr is the relative
permittivity (for silicon, εr = 11.68), me* and mh* are the
effective masses of the electrons and holes (0.19m0 and
0.286m0, respectively, where m0 is the free electron rest
mass),28 and μ is the reduced mass. From eq 1, it is evident that
a PL maximum of 815 nm (i.e., PL observed here for d = 5 nm
SiNCs modified using thermally induced hydrosilylation)
corresponds to a diameter of 4.1 nm; a PL maximum of 726
nm ((i.e., PL observed here for d = 5 nm SiNCs modified via a

Figure 2. (a) FTIR spectra of hydride-terminated (i) thermally
functionalized (ii) photochemically functionalized d = 5 nm SiNCs
(reaction time = 15 (iii), 20 (iv), 30 (v), and 39 h (vi)). (b, c) High-
resolution XP spectra of the Si 2p spectral region for SiNC (diameter
= 5 nm) corresponding to SiNCs whose FTIR spectra are in panels
(ii) and (iii). Fits are shown for the Si 2p3/2 emissions. Si 2p1/2
components have been omitted for clarity.
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15 h photochemically induced hydrosilylation) corresponds to
a diameter of 3.3 nm. Based upon these calculated diameters
and the presented TEM data, it is possible the PL from
thermally functionalized SiNCs has a strong contribution from
a significant number (∼24%) of particles with diameters ≤4.1
nm. Fewer particles (∼4.8%) with diameters ≤3.3 nm are
present in photochemically functionalized SiNCs. Therefore, it
is unlikely that the observed blue-shift of the time-integrated PL
is due to excitation of these small particles alone. However,
Biteen et al. reported that surface oxidation led to a decrease in
NC size, which resulted in an observed PL blue-shift.47 For the

present study, even though the FTIR and XPS analyses show
more surface oxide is present in photochemically modified
SiNCs, close examination of the TEM images shown in Figure
1 affords no evidence of such a size reduction. In this context, it
is reasonable that any size reduction of the SiNC core arising
from surface oxidation is negligible.
Emission from oxidized porous silicon is normally comprised

of two components, a slow yellow-orange-red band and a fast
band in the blue-green region.70,71 It has been proposed that
the slow band region originates from quantum core-states of
SiNCs and has a characteristic decay of a few tens to a few

Figure 3. Time-integrated PL spectra of surface functionalized SiNCs prepared using (a) thermal and (b) photochemical hydrosilylation. (c)
Reaction time dependence of PL arising from photochemically modified SiNCs (d = 5 nm) upon excitation by λ = 400 nm laser pulses at 77 μJ/cm2

fluence. Corresponding time-resolved PL decays are shown in panels (d), (e), and (f), respectively. The inset in panel (e) shows the nanosecond
lifetime PL emission at 630 and 690 nm for 3 and 5 nm SiNCs, respectively. Solid red lines are fits to the PL decay.

Figure 4. Summary of time-integrated PL maxima and time-resolved PL lifetimes for surface functionalized SiNCs.
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hundreds of microseconds. The fast band emission has been
attributed to oxygen-induced defects or charge transfer states
and decays in the nanosecond range.10,15,40,72 If the blue-shifted
PL arising from photochemically modified SiNCs arises from
excitation of smaller nanocrystals and emission from defect
sites, then both ns and μs PL emission decay components are
expected.
To test this hypothesis, the PL emission dynamics of all the

samples presented here were explored (see Figures 3 and S5−
S8). The μs-PL decays represent the overall time decay for the
entire emission spectrum. The ns-component of the decay time
was measured at particular emission wavelengths. The carrier
recombination dynamics of the ns-PL component is
biexponential according to

= + +τ τ− −y t Ae Be C( ) t t/ /1 2 (2)

where τ1 and τ2 are the decay times and C is a constant offset
much smaller than A and B. The μs-PL component exhibits a
stretched exponential decay:

= +τ− β
y t Ae y( ) t( / )

0 (3)

where τ is the decay time, β is the dispersion factor, and y0 is a
constant offset. The carrier recombination lifetime values are
summarized in Figures 4 and 5.
The photoexcited state lifetime of d = 3 nm SiNCs modified

using thermally induced hydrosilylation is τ = 78.6 ± 0.1 μs;
this is similar to previously reported values for SiNCs and is
attributed to recombination within the Si(0) core.14,26,73 For
the same size of photochemically modified SiNCs, the μs-
component was notably faster (τ = 22.0 ± 0.3 μs) and exhibited
a ns-component with τ1 = 0.64 ns and τ2 = 4.4 ns at 630 nm
(see Figure 3e, inset). Unlike the μs-PL component, the ns PL
exhibits a double exponential decay as clearly shown in the
semilog plot in Figure S4. It is important to note that no ns-
lifetime component is observed for thermally functionalized
SiNCs (Figure S5). For a given hydrosilylation method, the
measured PL dynamics for 5 nm diameter SiNCs is similar to
that observed for analogous 3 nm diameter SiNCs. The μs
component for the d = 5 nm thermally modified SiNCs showed
a decay time of τ = 130.5 ± 0.1 μs; nanosecond and
microsecond lifetimes coexist for 5 nm diameter SiNCs that
were photochemically functionalized (Figures 5 and S7). The
μs-PL decay times for the 5 nm diameter SiNCs are longer than
those for the 3 nm diameter SiNCs, consistent with previous
studies.13,14,67

Multiexponential decay behavior in the nano and micro-
second ranges have also been reported for colloidal SiNCs
dispersed in chloroform74 and hexane,75 as well as SiNCs
embedded in an SiO2 matrix.10 Unlike the ns decays commonly
reported for blue/blue-green-emitting SiNCs, the ns-PL
components observed here for photochemically modified
SiNCs occur at wavelengths commonly associated with “slow
band” emission (yellow-red) (see Figures S6 and S7). Kim et al.
observed similar ns-PL decay times from freshly etched
freestanding SiNCs with an emission maximum at 657 nm.15

They proposed the blue-shift of the PL maximum and
reduction in carrier recombination lifetime from 49.9 μs to
∼3 ns after removing the SiO2 matrix was associated with oxide
and interface defects arising from surface oxidation. In our case,
surface oxides are present in thermally and photochemically
functionalized SiNCs (vide supra). However, XPS and FTIR
data indicate the photochemically modified SiNCs have

substantially more silicon oxide and that the speciation of
oxides differs significantly for the two surface functionalization
methods (vide supra). We propose the blue-shift of the PL
maximum as well as the existence of ns-lifetime components for
photochemically modified SiNCs is related to differences (i.e.,
quantity and speciation) in the surface oxidation. Although the
PL emission shifts to lower energy when the size is increased,
the general trend of the PL lifetime decay of these 5 nm
samples is similar to that of the 3 nm samples for a given
hydrosilylation method. The stark similarities (i.e., quantity and
speciation) of the oxide species determined by FTIR and XPS,

Figure 5. (a) Maxima of time-integrated PL spectra and (b)
microsecond PL lifetime components for SiNCs prepared using
thermal and photochemical hydrosilylation as a function of XPS-
derived relative surface oxidation. The shaded area in (a) corresponds
to the relative oxidation region in which nanosecond and microsecond
PL lifetimes coexist. (c) Time-integrated PL spectra for 5 nm
photochemically functionalized SiNCs with reaction times of 15 and
20 h. The corresponding magnitude of the spectrally resolved
nanosecond PL decay contribution is also shown.
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as well as the PL dynamics, strongly suggest the origin of the ns
lifetime is the same for the 3 and 5 nm SiNCs prepared using
15 h photochemical hydrosilylation. In addition, the decay time
of the μs-PL component from the 15 h photochemically
modified SiNCs is significantly less than that observed for their
thermally modified counterparts. This observation suggests the
μs-PL component observed from photochemically function-
alized SiNCs is dominated by emission from smaller NCs
within the distribution (vide infra). All these results support the
initial hypothesis that the observed PL blue-shift in photo-
chemically modified SiNCs can be attributed to the emission
from smaller NCs in addition to emission from oxygen-induced
defects.
Consistent with reports related to different hydrosilylation

reactions on silicon surfaces,59,76 we contend the limited
reaction time (i.e., 15 h) used for photochemical hydrosilylation
led to incomplete surface functionalization. Surface oxidation
may also occur during purification. Furthermore, it is
reasonable that prolonging the photochemical modification
procedure would provide a more complete passivation of the
SiNC surfaces and allow for indirect tailoring of the amount of
surface oxidation resulting from the workup procedures.76−78

To investigate this possibility, a series of time-dependent
photochemical hydrosilylation experiments were performed.
Herein, d = 5 nm SiNCs were chosen as the model because
their comparatively slow photochemical hydrosilylation pro-
vides a larger range of surface passivation. FTIR spectra of
SiNCs after prolonged photochemical hydrosilylation show a
less intense Si−O−Si stretching absorption consistent with less
surface oxidation and supporting our hypothesis (Figure 2a).
To provide a semiquantitative measure of the degree of SiNC
surface oxidation as a function of photochemical hydrosilylation
reaction time, we estimated the relative oxidation purely based
on the Si(IV) contribution in the Si 2p region of the XP
spectra. This was achieved by normalizing the area under
Si(IV) component to total area of the entire Si 2p emission. We
intentionally neglected suboxide contributions because their
exact chemical identity was not straightforward to elucidate. As
shown in Figure S9, the XPS-derived relative oxidation
decreases with prolonged reaction time. It is reasonable this
trend results from more complete surface passivation/
functionalization with longer reaction times. Concurrently,
the intensities of signals arising from silicon suboxides (i.e.,
Si(I), Si(II), and Si(III)) increase slightly, consistent with the
proposal that more hydride terminated Si surface sites have
been modified by alkyl ligands (Figure S3).
Figure 3c shows the time-integrated PL spectra of photo-

chemically modified SiNCs after functionalization for the
indicated reaction times; the evolution of the PL emission
maximum is summarized in Figure 4. The PL arising from the
20 h sample is centered at about 730 nm. Extending the
reaction time to 30 h induced an obvious red-shift to about 777
nm. The magnitude of the red-shift continues to increase with
increased reaction time and after 39 h, the PL maximum of
SiNCs centers at about 791 nm, close to the 815 nm PL peak
obtained for SiNCs prepared using thermal hydrosilylation.
Moreover, the samples obtained after a 15 h photochemical
reaction are cloudy, while the solution of SiNCs after 39 h was
completely transparent, similar to the thermally prepared
SiNCs. These results support the proposal that longer
photochemical reaction times lead to more complete surface
functionalization.

To explore the impact of surface oxidation on the PL
emission dynamics of the present surface functionalized SiNCs,
the time-integrated PL maximum and microsecond decay
component were plotted as a function of XPS-derived relative
oxidation. Figure 5a,b shows that, as the relative oxidation
increases, the time-integrated PL maximum shifts to higher
energy, while the decay time of the μs-PL component
decreases. Again, we assert this shift of PL maximum to higher
energy does not arise from an oxygen-induced reduction in NC
size (vide supra). A reasonable explanation for this behavior is
an increase in the number of luminescent defect centers
associated with increased surface oxidation. Based on literature
accounts, carrier trapping at defect sites occurs very rapidly and
can dominate, if not totally quench, core-state related
emission.79−82 Oxygen-induced-defect quenching of the PL is
more likely observed in larger NCs within an ensemble since
they are functionalized more slowly and therefore have more
surface oxides than smaller NCs.59 As a result, the PL from the
larger SiNCs is quenched more than that from smaller NCs,
contributing to the observed PL blue-shift, consistent with
computational studies.83,84 This explains the decrease in decay
time of the μs-PL component with increased relative oxidation.
The AQY measurements of the 3 nm SiNCs show photo-
chemically functionalized SiNCs exhibit a comparatively higher
AQY (66 ± 8%) than its thermal counterpart (AQY = 41 ±
3%). This result suggests oxygen moieties at the NC surface are
not nonradiative because the AQY is higher for the more
oxidized NCs. From this we conclude surface oxygen moieties
are radiative centers and that the measured ns decay is a
radiative process. It is important to note that both thermal and
photochemical hydrosilylation resulted in partial surface
oxidation, however, the ns component was only detected at
comparatively high surface oxidation levels. It is possible that
the PL of thermally functionalized SiNCs has ns components as
well, but because the surface oxidation is present in much lower
quantities, the ns signal is below the detection limit of our
system. Based on AQY and PL dynamics measurements, it is
likely that the observed blue-shift of PL maximum arises from a
combination of emission from smaller NCs and from oxygen-
induced surface defect sites.
Figure 5a,b shows the time-integrated PL peak and μs PL

lifetime as a function of relative oxidation. The shaded area in
Figure 5a corresponds to the relative oxidation region where
both ns- and μs-PL components were observed. It is evident
that, regardless of NC size, an increase in surface oxidation
leads to a blue-shift of PL maximum accompanied by a short-
lived ns-PL component. This result is consistent with the
assumption that the ns-PL component is associated with the
increase of defect sites as the relative surface oxidation
increases. Contrary to other reports,33 we conclude from the
present data (i.e., Figures S6 and S7) that oxygen-defect-related
PL may occur at energies higher than the core-states.10

Figure 5c shows the relative amplitude of the ns-PL
component of the 15 and 20 h photochemically functionalized
SiNCs. The observed increase in the amplitude of the ns-PL
component at higher energies affirms the hypothesis that carrier
radiative recombination at oxygen-induced defects contributes
to the PL blue-shift. A similar result was observed for 3 nm
photochemically functionalized SiNCs (Figure S10). Based on
our hypothesis, if the PL blue-shift is minimized/eliminated by
ensuring complete surface passivation, the defect-related ns-PL
component should be suppressed and ultimately disappears if a
prolonged photochemical reaction is employed. Indeed, this is
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the case for the present reaction time-dependent experiments
(Figures 4 and S9). All samples exhibit μs-PL components,
while ns-PL components were only detected for samples
obtained from shorter photochemical reaction times (i.e., 15
and 20 h, shown in Figure 3c). In addition, the 39 h
photochemically functionalized SiNCs exhibit PL emission
dynamics very similar to that of the thermally functionalized
SiNCs.

■ CONCLUSIONS

The interconnection between SiNC size-independent PL blue-
shift, nanosecond excited-state lifetime and XPS-derived
relative oxidation has been examined and confirmed through
systematic investigations of dodecyl-functionalized SiNCs.
Differences in the effectiveness of thermal and photochemical
hydrosilylation methods to passivate SiNC surfaces provide an
opportunity to control the degree of surface modification on
alkyl-terminated SiNCs and by extension of surface oxidation.
PL emission maxima arising from SiNCs functionalized using
15 h photochemical hydrosilylation (both 3 and 5 nm) are
significantly blue-shifted compared to their thermal counter-
parts. The difference in emission energies cannot be solely
attributed to quantum confinement effects because the
difference in average diameters and size distributions is small,
if not negligible. A microsecond PL lifetime component was
observed for all samples, regardless of functionalization
methodology, and has been attributed to SiNC core state
radiative recombination. Size-independent nanosecond lifetime
components (<7 ns) were only observed for samples prepared
using the photochemical approach that exhibit substantial
relative surface oxidation. Time-dependent experiments in-
dicate that the observed blue-shift of PL maxima and
nanosecond lifetime in photochemically modified SiNCs are
related to the degree of surface oxidation resulting from
incomplete functionalization of the SiNC surface.

■ EXPERIMENTAL SECTION

Reagents and Materials. Hydrogen silsesquioxane (HSQ)
was purchased from Dow Corning Corporation (Midland, MI)
as FOx-17. Electronics grade hydrofluoric acid (HF, 49%
aqueous solution) was purchased from J. T. Baker. Reagent
grade methanol, toluene, and ethanol, as well as 1-dodecene
(97%), were purchased from Sigma-Aldrich and used as
received. Dry toluene was prepared by adding sodium pieces
and benzophenone indicator, refluxing for 24 h, and finally
obtained from an Ar-filled still system.
Synthesis and Liberation of SiNCs. Preparation of

Oxide-Embedded SiNCs (d = 3 nm). Established literature
procedures were used to prepare oxide-embedded silicon
nanocrystals (SiNC/SiO2).

56 Briefly, solvent was removed
from the stock HSQ solution (FOx-17) under vacuum to
yield a white solid. The solid (ca. 4 g) was placed in a quartz
reaction boat and transferred to a Lindberg Blue tube furnace
and heated from ambient to a peak processing temperature of
1100 °C at 18 °C min−1 in a slightly reducing atmosphere (5%
H2/95% Ar). The sample was maintained at the peak
processing temperature for 1 h. Upon cooling to room
temperature, the resulting amber solid was ground into a fine
brown powder using a two-step process. The solid was crushed
using an agate mortar and pestle to remove large particles and
finally ground to a fine powder using a Burrell Wrist Action
Shaker upon shaking with high-purity silica beads for 5 h. The

resulting SiNC/SiO2 powders were stable for extended periods
and stored in standard glass vials.

Preparation of Oxide-Embedded SiNCs (d = 5 nm). After
grinding with a mortar and pestle (vide supra), 0.5 g of SiNC/
SiO2 composite containing 3 nm SiNCs were transferred to a
high temperature furnace (Sentro Tech Corp.) for further
thermal processing in an inert argon atmosphere. This
procedure leads to particle growth while maintaining relatively
narrow particle size distributions. In the furnace, the SiNC/
SiO2 composite was heated to 1200 °C at 10 °C/min to achieve
the target particle size. Samples were maintained at the peak
processing temperature for 1 h. After cooling to room
temperature, the brown composites were ground using
procedures identical to those noted above.

Liberation of SiNCs. Hydride-terminated SiNCs were
liberated from the SiNC/SiO2 composite by HF etching. A
total of 0.25 g of ground Si-NC/SiO2 composite were
transferred to a polyethylene terephthalate beaker equipped
with a Teflon coated stir bar. Ethanol (3 mL) and water (3 mL)
were added under mechanical stirring to form a brown
suspension followed by 3 mL of 49% HF aqueous solution
(Caution! HF must be handled with extreme care). After 1 h of
etching in subdued light, the suspension appeared orange/
yellow. Hydride-terminated SiNCs were subsequently extracted
from the aqueous layer into about 30 mL of toluene by multiple
(i.e., 3 × 10 mL) extractions. The SiNC toluene suspension was
transferred to test tubes and the SiNCs were isolated by
centrifugation at 3000 rpm.

Thermal and Photochemical Hydrosilylation Ap-
proaches. Formation of 3 and 5 nm Dodecyl-Function-
alized SiNCs (Thermal Hydrosilylation). After decanting the
toluene supernatant, the resulting hydride-terminated particles
were redispersed into about 20 mL of dodecene to yield a
cloudy suspension that was transferred to a dry 100 mL Schlenk
flask equipped with a magnetic stir bar and attached to an
argon-charged Schlenk line. The flask was evacuated and
backfilled with argon three times. The Schlenk flask was placed
in an oil bath, and the temperature was increased to 190 °C.
The reaction was stirred at peak temperature for a minimum of
15 h, yielding a transparent orange/yellow solution.

Formation of 3 and 5 nm Dodecyl-Functionalized SiNCs
(Photochemical Hydrosilylation). After centrifugation at 3000
rpm for 5 min, the toluene supernatant was decanted and the
precipitated hydride-terminated SiNCs were redispersed into
dry toluene. The solution was recentrifuged at 3000 rpm for
another 5 min. Again, the toluene supernatant was decanted
and particles were redispersed into dodecene: dry toluene
mixture (7.5 mL of dodecene and 30 mL toluene). The mixture
was transferred into a predried Schlenk flask equipped with a
stir bar and quartz insert for photochemical reaction under an
argon atmosphere. The reaction mixtures were subjected to
three freeze−pump−thaw cycles, and photochemical hydro-
silylation was carried out using a 365 nm UV LED light source
for 15 h. For the functionalization time-dependent study, 5 nm
hydride-terminated SiNCs were chosen for model experiments.
The UV initiated hydrosilylation reaction mixtures were
processed for predefined times (i.e., 20, 30, and 39 h).

Purification of SiNCs. Following thermal and photo-
chemical hydrosilylation, reaction mixtures were equally
distributed among 1.5 mL centrifuge tubes (ca. 0.3 mL each)
and about 1.2 mL of 1:1 methanol/ethanol mixture was added
to each tube to yield a cloudy yellow dispersion. The precipitate
was isolated by centrifugation in a high-speed centrifuge at
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17000 rpm for 15 min. The supernatant was decanted and the
particles were redispersed in a minimum amount of toluene and
subsequently precipitated by addition of the 1:1 methanol−
water again. Centrifugation and decanting procedure was
repeated twice. Finally, the purified functionalized Si-NCs
were redispersed in toluene, filtered through a 0.45 μm PTFE
syringe filter, and stored in vials for further use.
Material Characterization and Instrumentation. FTIR

spectroscopy was performed on powder samples using a
Nicolet Magna 750 IR spectrophotometer. X-ray photoelectron
spectroscopy (XPS) measurements were acquired in energy
spectrum mode at 210W, using a Kratos Axis Ultra X-ray
photoelectron spectrometer. Samples were prepared as film
drop-cast from solution onto a copper foil substrate. CasaXPS
software (VAMAS) was used to interpret high-resolution
spectra. All of the spectra were internally calibrated to the C
1s emission (284.8 eV). Transmission electron microscopy
(TEM) and energy dispersive X-ray (EDX) analyses were
performed using a JEOL-2010 (LaB6 filament) electron
microscope with an accelerating voltage of 200 keV. High
resolution TEM (HRTEM) imaging was performed on JEOL-
2200FS TEM instrument with an accelerating voltage of 200
kV. TEM and HRTEM samples of SiNCs were drop-casted
onto a holey carbon coated copper grid and allowing the
solvent to evaporate under vacuum. TEM and HRTEM images
were processed using ImageJ software (version 1.45).
For optical measurements, dodecyl-functionalized SiNC were

dissolved in toluene and filtered to yield transparent solutions
and placed in a quartz cuvette for PL and PL lifetime
measurements. The samples were excited by 400 nm second
harmonic signal from a BBO crystal pumped by 800 nm pulses
from Ti:sapphire laser (RegA900, 65 fs pulse width and 250
kHz repetition rate). The average excitation power was 1.83
mW. Time-integrated PL spectra were recorded using a
thermoelectric-cooled CCD (Acton Pixis 400B, Princeton
Instruments) coupled to a spectrometer (Acton SP2500,
Princeton Instruments). A 435 nm long pass filter (Edmund
optics) was placed at the entrance of the spectrometer to block
scattered light from the excitation laser pulses. PL spectra were
integrated for 120 s. Nanosecond PL lifetime was recorded
using a single-photon avalanche photodiode (SPAD, PDM
Series by Micro Photon Devices) coupled to a time-correlated
single-photon counting (TCSPC) unit (Picoharp 300,
Picoquant) with a time resolution of 54 ± 1 ps. For
microsecond carrier recombination lifetime measurements, 1
kHz frequency-doubled 400 nm pulses from another
Ti:sapphire laser (Legend Elite, 45 fs pulse width) were used
to excite PL at an average excitation power of 4.5 mW. A fast
silicon photodiode (Thorlabs, PDA36A rise time 20.6 ns)
coupled to a 300 MHz oscilloscope (Tektronix) was used. The
photodiode was placed on a path perpendicular to the
excitation beam and 10 nm bandpass filters (Edmund Optics)
were used to select a particular emission wavelength.
Quantum yield measurements were carried out in a home-

built system consisting of a laser-driven Xenon plasma white-
light source (Energetic) with a wavelength-selecting mono-
chromator for the excitation, a 6” integrating sphere (Lab-
sphere), and a thermoelectrically cooled CCD camera after
spectrometer (Prinston Instruments) for the detection. The
sample solutions were placed in Suprasil quartz cuvettes and a
cuvette with a pure solvent (toluene) was used as a reference.
Before the measurements, the system response curve was
evaluated for the same positions of the spectrometer grating as

for actual measurements using the same light source calibrated
with an optical power meter. Obtained spectra for the sample
and the reference solutions were corrected for system response
and subtracted from each other. Then the absolute QY was
found as the ratio between the number of absorbed and emitted
photons, evaluated by integrating resulting excitation and
luminescence peaks, respectively.
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(20) Dohnalova,́ K.; Ondic,̌ L.; Kůsova,́ K.; Pelant, I.; Rehspringer, J.
L.; Mafouana, R.-R. White-Emitting Oxidized Silicon Nanocrystals:
Discontinuity in Spectral Development with Reducing Size. J. Appl.
Phys. 2010, 107, 053102.
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