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Abstract
Stable luminescent colloidal silicon (Si) nanocrystals (NCs) with sufficient surface protection are
prepared through femtosecond laser ablation in organic solvent containing diverse
concentrations of HF solution. The average size of Si NCs shows the decreasing tendency from
6.5 to 2.7 nm when the concentration of HF varies from 0 to 11.1 vol% (volume ratio). In line
with the structural evolution, UV–visible absorption, photoluminescence (PL) excitation spectra,
and time-resolved PL, we propose that room temperature blue emission peaks at 412 and 440 nm
originate from alkyl-related radiative recombination centers. The enhanced PL quantum yield of
colloidal Si NCs from 16.3% to 76.5% has been attributed to the effective passivation and
suppression of non-radiative defect centers with increasing HF concentration from 0 to
11.1 vol%.
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(Some figures may appear in colour only in the online journal)

Ever since the luminescence emitted from silicon (Si) nano-
crystals (NCs) was reported for the first time in 1990 [1],
quantum-scale Si NCs have been considered as promising
luminous materials with adjustable emission color and
environmental friendliness properties. Recently, based on the
low-cost, simplified operation by solution-supported tech-
nology [2], colloidal NCs have received extensive attention in
photoelectric and biotic applications, for instance photo-
detectors [3], luminous diodes [4], solar cells [5] and bio-
imaging tools [6]. To control the photoelectric properties and

chemical reactivity of colloidal Si NCs within these applica-
tions, it is necessary to develop the surface functionalization
of Si NCs [7]. Many effective organic ligands such as hydride
[8] and halogen [9] groups have been applied to Si nano-
materials. However, easily oxidized and kinetically labile
properties for hydride and halogen passivation lead to the
relatively low photoluminescence (PL) quantum yields
(QYs). It is reported that alkyl groups terminated on the Si
NCs surface ensure colloidal stability and minimize oxidation
which is detrimental to optical and electronic properties,
without showing degradations in ambient air [10]. Therefore,
it is important to modify Si NCs surface by alkyl groups.
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Owing to the advantageous solution properties and stability,
styrene has been a preferred choice for Si NCs surface
functionalization [11, 12].

There are various techniques for fabricating colloidal Si
NCs with alkyl termination, such as plasma enhanced che-
mical vapor deposition of silane [13], hydrosilylation [14],
and wet-chemical synthesis [15]. It has been proved that the
technology of laser irradiation in solution is a one-step pro-
cess to fabricate alkyl-terminated colloidal Si NCs [16]. The
Si targets are irradiated under a high power laser irradiation so
that the fragmentation processes efficiently take place, leading
to the generation of Si NCs. Simultaneously, the surfaces of
colloidal Si NCs are terminated by alkyl groups through the
effective reactions between the reactive solution and NCs
[16]. Alkyl termination on the surface can refrain colloidal Si
NCs from agglomeration via steric barriers or electrostatic
repulsion, and ensure the high dispersibility and stability in
solution. The PL QYs of laser irradiation in liquid process is
relatively lower (∼10%–25%) [17, 18] than those prepared by
other methods. Miyano et al [19] have reported that the high
PL quantum yield (PL QY, 55%) has been promoted by the
combination of hydrosilylation procedure with photo-initiated
reaction under UV irradiation. Mangolini et al [20] and
Jurbergs et al [21] have discovered that high PL QYs have
exceeded 60% from plasma-based synthesis. Besides, Li et al
[22] have reported that the strongly enhanced fluorescence
with PL QYs up to 75% for Si NCs after a novel surface
modification have been obtained. By comparison, it has
become a challenge to improve the PL QYs of alkyl-passi-
vated Si NCs fabricated by laser irradiation in liquid
environment. It is reported that the PL intensity of Si NCs is
generally restricted by non-radiative recombination of exci-
tons. The Pb defect centers, which act as non-radiative
recombination centers, are found to reside at the Si/SiO2

interface layers, leading to relatively low luminescence
intensity [23]. Therefore, it is necessary to lessen the Pb defect
centers to enhance PL QYs.

We have recently published the work [24], which mainly
focuses on the effect of the laser ablation time (LAT) on the
micro-structure and optical properties. It is found that, with
increasing LAT from 30 to 120 min, the size of the prepared
colloidal Si NCs decreases from ∼4.2 to 1.4 nm, the
corresponding PL QY enhances from 23.6% to 55.8%. The
surfaces of prepared colloidal Si NCs have been well passi-
vated by carbon chains and partly oxidized as confirmed by
FTIR and XPS measurements. The blue PL bands at 405 and
430 nm have been assigned to the electron–hole pair recom-
bination associated with Si–C–H2 and Si–O–Si vibration
phonons, respectively.

However, on the one hand, laser ablation in the organic
solvent in preparing alkyl-terminated colloidal Si NCs usually
makes its size distribution wider, and the productivity is
relatively low due to the uses of high power pulsed laser. On
the other hand, the presence of oxidization layers can result in
the degradation of PL from Si NCs, which further leads to the
decrement of the PL QYs. This influence is a severe problem
for light-emitting devices and bio-imaging applications. Thus,
it is urgent to improve the QY of alkyl-terminated Si NCs

prepared by laser irradiation method to meet the need of opto-
electronics devices applications.

In this work, we investigate the significant effect of HF
etching on the structural transformation, PL properties, and
significant improvement of PL QYs for colloidal Si NCs. It is
clearly found that the average sizes and PL QYs of Si NCs are
dependent on HF concentration for laser irradiation in HF-
contained organic solution. The size distribution of the pre-
pared colloidal Si NCs varies from ∼6.5 to 2.7 nm with
increasing HF concentration from 0 to 11.1 vol% (volume
ratio) and the measured PL QY is found to enhance from
16.3% to 76.5% with increasing HF concentration. The
influence of surface trap states on the PL behavior adds the
complexity of accurate interpretation, the underlying mech-
anism of the prepared Si NCs with the bright blue lumines-
cence is discussed as well. It is considered that alkyl-related
radiative recombination centers are introduced to initiate the
blue emission. The advanced method of laser ablation tech-
nique in liquid containing HF provides a simple, flexible and
inexpensive way for preparation of high-quality colloidal
Si NCs.

The obtained colloidal Si NCs were fabricated by fem-
tosecond (fs) laser ablation as discussed in a previous pro-
cedure [25]. Briefly, porous Si powder (80 mg, Aladdin),
styrene (>99%, 10 ml, Aladdin) and a diverse amount of HF
acid solution were mixed in the quartz cuvette, respectively,
acting as the target materials. The laser beam was focused
on the target materials by performing a Ti:sapphire fs laser
(worked with 800 nm wavelength, 100 fs pulse width,
80MHz frequency and 0.15 mJ cm−2 laser fluence, respec-
tively). During the fs laser ablation, magnetic stirrer was used
to continuously stir the reactive solution. The fabricated
colloids samples were named as Sx (x=1, 2, 3, and 4) with
corresponding HF concentration=0, 3.0, 5.9, and 11.1 vol-
%, respectively. After finishing fs laser ablation for 2 h, the
prepared solution was firstly centrifuged at 12 000 rpm for 1 h
and then the supernatant liquid was collected by a membrane
filter with around 200 nm of each pore size so as to get the
colloidal solution for the following structure and optical
properties measurements.

The structural properties including the generation and
morphology of the obtained colloidal Si NCs were analyzed by
high resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100F) and microprobe Raman spectra measure-
ments (Renishaw, inVia-Reflex), respectively. The terminal
chemical bonding construction of the colloids was investigated
by using a Fourier transform infrared (FTIR) spectrometer
(ThermoFisher, Nicolet 6700) within the 400–4000 cm−1

range. X-ray photoelectron spectroscopy (XPS) spectra
(ThermoFisher, ESCALAB 250 XI) was employed to analyze
the bonding configurations. Electronic spin resonance (ESR)
measurements were performed with an X-band spectrometer
(Bruker, about 20.65 GHz) at room temperature. UV–visible
(UV–vis) absorption measurements were carried out using a
Perkin-Elmer Lambda 35 spectrometer. Room temperature PL
and PL excitation (PLE) spectra were monitored via a Hitachi
High-Technologies F-7000 fluorescence spectrophotometer.
The PL decay curves were measured by using a 405 nm diode
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laser with a pulse width of 60 ps as the excitation source. The
PL QYs of colloidal Si NCs in styrene solution were performed
by using a Edinburgh FLS920 system under the excitation at
380 nm.

Figure 1(a) shows Raman spectra of S1–S4 prepared by
the fs laser ablation in styrene solution. Owing to the first-
order modes scatter at Brillouin zone center, a Raman active
peak at around 520 cm−1 with the full width at half maximum
(FWHM) of 3.4 cm−1 is found in the Raman spectrum of
crystalline Si [26]. The Raman peaks of S1–S4 features at
519, 518, 517 and 516 cm−1, and the corresponding FWHM
is 11.3, 12.8, 14.5, and 15.5 cm−1, respectively. The Raman
peak positions of all the samples shift to smaller frequency in
comparison with that of crystalline Si, together with widening
FWHM, demonstrating the presence of ultrafine Si NCs [27].
It is generally accepted that phonon confinement model is
considered as the main mechanism accounting for the
observed size-dependent Raman characteristic. Crystal
momentum keeps no longer conserved in small Si NCs, then
phonon modes prefer in Si NCs rather than at the Brillouin
zone center, giving rise to the phonon density of states, which
results in downshift and broadening of the Raman peak [28].
The size-dependent characteristic of Raman peak position for
Si NCs can be directly reflected by the phenomenological law
[29]: wD = - /d19.856 .1.586 Where Δω represents the value
of downshift for Raman peak position of Si NCs with respect
to that of crystalline Si, and d (in nm) is the average diameter

of Si NCs. The average diameters for S1–S4 are 6.5, 4.5, 3.4,
and 2.8 nm, respectively.

The representative TEM images for S1 and S4 are pre-
sented in figures 1(b) and (c), respectively. It can be seen that
plenty of ultrafine nanoparticles are spherical and evenly
dispersed on the grid without aggregation, indicating the
successful passivation on the nanoparticle surfaces [30].
Estimated from the size distribution histograms, the average
diameters of nanoparticles are ∼6.5 and 2.7 nm for S1 and S4,
respectively. With the increase of HF concentration, some
oxidization layers at the surface of Si NCs can be etched
effectively, and the Si–H bonds with weaker mechanical
strength can be formed simultaneously [19]. Thus, the frag-
mentation of porous Si nanoparticles becomes easy, resulting
in a great deal of small-sized Si NCs.

To better understand the structure of nanoparticles,
HRTEM images for S1 and S4 are shown on the upper inset
of figures 1(b) and (c), respectively. From the HRTEM
images, we observe that the crystal lattice fringes with
∼0.3 nm correspond to (111) plane of the Si crystals [31], and
the etched particles keep their crystalline structure. The
corresponding fast Fourier transform diffraction patterns of
the HRTEM images are presented in the lower inset of
figures 1(b) and (c), which indicates lattice spacing of 3.12 Å
for the Si (111) planes [32]. It should be noted that the as-
prepared colloidal Si NCs are quite stable. Three months later,
the colloidal Si NCs still disperse very well without any

Figure 1. (a) Room temperature Raman spectra of all the samples produced in styrene. TEM images of the colloidal Si NCs samples prepared
in the styrene solution of S1 (b) and S4 (c). Upper inset: HRTEM image of Si NCs; Lower inset: corresponding fast Fourier transform. The
histograms of the colloidal Si NCs samples of S1 (d) and S4 (e) derived from the TEM images in (b) and (c), respectively. (f) The TEM image
of the colloidal Si NCs of S4 with good dispersion three months later.
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aggregation in solution, and the sizes of all the samples keep
almost unchanged compared with the previous ones, as con-
firmed by the representative TEM image of S4 shown in
figure 1(f).

Figure 2(a) displays the FTIR spectra of S1–S4 to
identify and characterize the terminal bonding constructions
on the surface of Si NCs. The clear absorption bands at
around 753, 880, 1090, 1457, 1635, 2849, 2925 and
3432 cm−1 are ascribed to Si–C stretching vibration, Si–C
symmetric vibration, Si–O–Si stretching, Si–CH2 bending,
Si–OH absorption, symmetric CH2 stretching, antisymmetric
CH2 stretching and Si–OH absorption modes, respectively
[17, 33–36]. It is demonstrated that the emergence of Si–O–Si
bands confirms the formation of oxide layers passivation on
the surface of prepared Si NCs via oxygen [18]. The presence
of Si–C bands for all samples suggests that alkyl-related
molecules have terminated the Si NCs surfaces [37]. The
mechanisms of alkyl-related molecules passivation on Si NCs
surface under fs Laser ablation in solution are interpreted by
cycloaddition reaction, which has been demonstrated in our
previous work [25].

Figure 2(b) shows the calculated intensities of the Si–O–
Si and Si–C bonds by integrating the infrared absorption
bands shown in figure 2(a). The intensities of Si–O–Si
bending mode (1090 cm−1) referring to the structural prop-
erties of SiO2 decrease gradually with increasing HF con-
centration, implying that HF removes significant amount of
surface dioxide layers of colloidal Si NCs [38]. Meanwhile, it
is clear to find that the intensities of alkyl-related absorption
bands (753, 880 and 1457 cm−1) gradually enhance with
increasing HF concentration. Two reasons are responsible for
these increments. On one hand, adding HF to the samples’
solution leads to the passivation by Si–H bands on the Si
surfaces [19]. With increasing HF concentration, more and
more Si–O–Si bonds can be substituted by Si–H bonds. More
unstable Si–H bonds are decomposed and responded to
unsaturated C=C doubles bonds of styrene molecules under
laser ablation so that more alkyl-related bonds are joined on
the Si NCs surface, giving rise to the increment of alkyl-
related bonds intensities. On the other hand, the process of
hydrosilylation and fs laser reaction induces sufficient frag-
mentation from the large sized Si NCs so that plenty of

Figure 2. (a) FTIR spectra of the colloidal Si NCs samples prepared in the styrene solution for S1–S4. (b) The densities of SiO2 and Si–C
bonds (with error bars) as a function of HF concentration in styrene. (c) ESR signals measured for S1–S4. (d) Integrated passivation layers on
the Si NCs surface and Pb center as a function of HF concentration in styrene (with error bars), respectively.
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smaller sized Si NCs have more surfaces functional groups,
resulting in the enhancement of the Si–C bonds intensities
with increasing HF concentration [39]. The broad peak
observed at 3432 cm–1 is ascribed to SiO–H or to moisture
absorbed by the KBr pellet during the measurements [40].

Figure 2(c) shows the high-sensitivity ESR measure-
ments of all samples to identify the signals of any para-
magnetic defects. To get the calibration of ESR signal
intensity and g factor, a Si:P marker sample was kept to be
consistent with colloidal Si NCs sample for per-measurement
[41]. The broad resonance at g≈2.003 is attributed to non-
radiative recombination Pb centers, which originate from Si
dangling bonds between the Si and SiO2 interface regions
[23]. In addition, no other signals from the SiO2 specific
centers E’ϒ [42] and EX [43] which are often contributed to
the blue emission in SiO2 are observed [27, 41]. Figure 2(d)
presents the densities of Si NCs surface passivation layers and
ESR signals of Pb centers as a function of HF concentration,
respectively. It is explicit that the densities of surface passi-
vation layers increase while the Pb defect densities strongly
decrease with increasing HF concentration. This indicates
that the densities of dangling bonds between the Si and
SiO2 interface regions reduce gradually with increasing HF
concentration.

To get further insight into the surface structures and
passivation effect of colloidal Si NCs, XPS measurements of
all samples were performed. Figure 3 presents the exper-
imental and well-fitted Gaussian curves of Si 2p, C1s and O
1s spectra of S1–S4, respectively. The well-fitted Gaussian
peaks at ∼99.5, 101.9 and 103.7 eV in Si 2p spectra are
attributed to bulk Si, Si–C and Si4+ species, respectively
[44, 45]. The presence of Si–C in the 101.9 eV is deemed to
be the charge trapping effect induced by fs irradiation for

organically terminated Si NCs, the similar characteristic has
been reported in [45]. The remaining of Si4+ indicates that
there are some residual oxide overlayers on the surface of Si
NCs. For the C 1s XPS spectra, it is clear to observe that two
well-fitted Gaussian peaks locate at ∼284.8 and 286.2 eV,
respectively. The peak locates at 284.8 eV is ascribed to C–C
and C–H bonds, and that at around 286.2 eV corresponds to
Si–C bonds [46]. In the O 1s XPS spectra, there exists a peak
at around 532.3 eV, corresponding to the Si–O bonds [47].
With increasing HF concentration, the O 1s peak intensity is
observed to decrease gradually. The results of XPS spectra
further demonstrate the well passivation on the Si NCs sur-
face by alkyl-related molecules, as confirmed in FTIR results.

Based on previously reported procedures [25, 37], the
amount of carbon chains on the surfaces of Si NCs is quan-
tified as follows. Considering S4 as a representative, the
calculated proportion of integrated region of Si 2p spectra to
that of the Si–C bonding located at 286.2 eV in C 1s spectra is
4.6. On the basis of theoretical calculations [36], the amount
of Si atoms for a pure Si NC with 2.37 nm average size is
estimated to be 278. Hence, for each Si NC with an average
size of 2.74 nm, there are totally 259 Si atoms in per Si NC as
well as 56 Si–C bonds on the surfaces, and the number of Si
atoms in surface layers is presumed to be approximately 86
[48]. Consequently, the value of surface carbon coverage is
65.1% for S4. Besides, the coverage on the Si NCs surface
with carbon chains for S1–S3 is 33.7%, 48.8%, and 52.3%,
respectively. The increment of surface coverage by carbon
chains and the reduction of Si–O intensity are consistent with
the results of FTIR.

UV–visible absorption spectra of the prepared colloidal
Si NCs for S1–S4 are presented in figure 4(a). It is evident to
observe that all absorption spectra have a distinctive shoulder
at around 350 nm (∼3.54 eV) together with a long absorption
tail within the visible ranges. The shoulder at ∼3.54 eV
approaches to the direct transition at Γ-point (3.40 eV,
Γ25→Γ15) [49]. Meanwhile, the spectra are characterized by
a blue-shift of the shoulder peak position from ∼375 nm
(∼3.31 eV) in S1 to 325 nm (∼3.82 eV) in S4 with increasing
HF concentration. Owing to the effect of quantum confine-
ment, the bandgap energy of Si NCs increases with reduction
of their size as confirmed in Raman and TEM results, for
which the absorption edge shifts to higher energy [50].

Another distinct feature of absorption spectra is that the
absorbance ascends gradually with incremental HF con-
centration. Due to the fact that the investigated absorption
light wavelength is much larger than the size of colloidal Si
NCs, it is safely to neglect light scattering. Consequently, the
absorbance ought to be proportional to the yield of fabricated
Si NCs. Stronger absorption indicates that more Si nano-
particles can be acquired with increasing HF concentration.
Thus, the higher concentration of solution are clearly expec-
ted from samples with increasing HF concentration.

Figure 4(b) shows the steady room temperature PL
spectra of S1–S4 with excitation at 380 nm. A prominent
emission band in the violet-blue range with double peaks at
∼412 nm (3.01 eV) and 440 nm (2.82 eV) is clearly observed
for all samples. Meanwhile, it is found that, with increasing

Figure 3. The experimental and fitting curves of Si2p, C1s and O 1s
XPS spectra for S1–S4.
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Figure 4. (a) UV–visible absorption spectra of the colloidal Si NCs samples prepared in the styrene solution for S1–S4. (b) The room
temperature PL spectra with λexc=380 nm for all samples. (c) Excitation and (d) emission spectra of S4. Inset: photograph of Si NCs
dispersion for S4 under UV illumination. (e) PL decay curves of S4 detected at 412 and 440 nm, respectively. (f) PL decay curves of the
colloidal Si NCs samples for S1–S4 in styrene detected at 440 nm.
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HF concentration, the PL located at 412 nm (3.01 eV) keep
unchanged as well as the peak at 440 nm (2.82 eV). The PL
intensity tends to enhance remarkably with increasing HF
concentration. It should be noted that there is no lumines-
cence from styrene solution alone under illumination. This
suggests that the double PL peaks are supposed to originate
from colloidal Si NCs instead of styrene solution.

λexc-dependent PL, PLE and time-resolved PL measure-
ments are performed for all samples so as to get further insight
on the luminescence mechanism of blue PL. As a representa-
tive, figures 4(c) and (d) show the λexc-dependent PL and PLE
spectra of S4, respectively. The PL peak positions at ∼412 nm
(3.01 eV) and 440 nm (2.82 eV) are invariable with increasing
excitation wavelengths from 340 nm to 390 nm. The emission
intensity increases gradually with increasing λexc, and reaches
to the maximum luminescence intensity when is excited at
λexc=380 nm (3.26 eV), and then, the luminescence intensity
shows dramatically reduction when the excitation wavelengths
are over 380 nm. Figure 4(d) shows the PLE spectra of S4 with
emission energies at Eem=412 nm (3.01 eV) and 440 nm
(2.82 eV), respectively. The obvious EPLE value of peaks
380 nm (∼3.26 eV) are found to be independent of detection
wavelength, implying that the two PL peaks should originate
from the same mechanism [51]. Moreover, the PLE intensities
reach to the maximum values when the peak positions occur at
380 nm (∼3.26 eV). It is rational to propose that the excitons
absorb strongly at 380 nm (∼3.26 eV) and radiative de-excita-
tion occurs at 412 (3.01 eV) and 440 nm (2.82 eV) for colloidal
Si NCs [52]. Figure 4(e) presents the experimental decay curves
of S4 taken at 412 (hollow triangles) and 440 nm (red hollow
squares) emission wavelengths along with the corresponding
calculated (solid) curves, respectively. Decay curves can be
well fitted with double-exponential iterative fitting program,
where the model exponential function is [37]: =( )I t

+t t- -/ /A e A e .t t
1 21 2 Here, I(t) is the intensity; A1, A2, τ1, and τ2

are the fitting constants. Fitting results show that for emission at
412 nm and 440 nm, t1=0.92 ns (A1=68.7%), t¢1=8.23 ns
( ¢A1 =31.3%); t2=0.97 ns (A2=69.3%)，t¢2=8.43 ns
( ¢A2=30.7%), respectively. The mean lifetime t of colloidal
Si NCs can be calculated by using following equation:
t t t t t= + +( ) ( )/A A A A .1 1

2
2 2

2
1 1 2 2 The obtained t for the

emission at 412 nm and 440 nm are 6.78 ns and 6.89 ns,
respectively. Figure 4(f) displays PL decay curves of S1–S4
detected at 440 nm. It is obtained that colloidal Si NCs possess
featured lifetimes with a fast decay component from 0.43 to
0.97 ns and a slow one from 3.22 to 8.43 ns for S1–S4. The
average lifetime t of colloidal Si NCs for S1–S4 are 2.27, 3.54,
5.24 and 6.89 ns, respectively. It is clear to find that the decay
times for the colloidal Si NCs become longer with increasing
HF concentration. According to the Marcus theory [53], the
electron transfer rate KET can be described as:

 ò
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where *D = - +( )/G E E S S0 CB is free energy driving force,
r ( )E density of accepting states, ( )H E is the overlap matrix

element, l is the reorganizational energy, KB is Boltzmann’s
constant, and T is absolute temperature. To simplify analysis in
the theoretical model, ( )H E is considered to be independent of
energy. From the above theory, we find that transfer dynamics
are dominated by the driving force and density of unoccupied
electron accepting states. With increasing HF concentration, the
sizes of the Si NCs reduce gradually so that the quantum
confinement is enhanced, leading to the increment of conduc-
tion band edge and energy separation of the discrete states.
Hence, the driving force and the attainment of the accepting
states are expected to decrease [54]. Analyzing from the
equation (1), we obtain a fact that a reduced electron transfer
ratio is confirmed and thus the longer decay time is obtained
with incremental HF concentration [54]. Based on first-principle
calculations, nanosecond magnitudes of decay time for colloidal
Si NCs is ascribed to the localized exciton transitions on the Si
NCs surfaces, where the fast component correlates to the non-
radiative excitons’ trapping time on the localized states and the
slow component corresponds to radiative and non-radiative
recombination of the trapped excitons [55]. The decay time for
fast component of colloidal Si NCs prolongs gradually with
increasing HF concentration, indicating that non-radiative sur-
face defect densities decrease gradually [56], in good agreement
with ESR results.

We now focus on clarifying the PL mechanism of col-
loidal Si NCs. Due to quantum confinement effect, the energy
of PL peak is supposed to red shift correspondingly when
excitation wavelength shifts to longer wavelength. The PL
peaks remain unchanged when excited by different wave-
length from 340 nm to 390 nm, as shown in figure 4(c).
Hence, it is affirmatively to eliminate the direct band-to-band
recombination of electrons holes at Γ point. Analyzing from
ESR spectra, we find that there is no other defect-related
centers in SiO2, therefore, the contribution of the SiO2

component to the blue PL can be safely excluded as well. In
this case, the alkyl-related bonds on the surface of colloidal Si
NCs, as confirmed by FTIR and XPS spectra, is essential for
the blue emission in the chemically modified samples. The
alkyl-related radiative recombination centers have been
introduced to initiate the blue emission [57]. We propose that
the nature of the blue PL is most likely to originate from the
following process: firstly, the excitons are excited at Γ point
within Si NCs under excitation light irradiation. Subse-
quently, some excitons are caught by non-radiative Pb cen-
ters, while the rest of them transfer to surface related states
(Si–C), and then radiative recombination takes place there,
giving blue emissions at around 2.82 and 3.01 eV.

It has been reported that the PL intensity of Si NCs is
restricted by Pb non-radiative recombination of excitons [58].
On the basis of the above analysis, we know that the process
of trapping excitons by the Pb centers is suppressed, reflected
by the decreasing numbers of Pb centers with incremental HF
concentration. Meanwhile, the increasing alkyl-related radia-
tive recombination centers dominate the emission process,
leading to the enhancement of PL intensity.

To get further investigation of the optical characteristics,
PL QYs measurements of the prepared colloidal Si NCs were
carried out at room temperature. Before measurements, the
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spectral were strictly calibrated according to [59]. After fin-
ishing measurements, the luminescence spectra were carefully
integrated using the ‘Origin’ Microsoft, which is the most
frequently used to process the data.

Figure 5 presents the PL QYs of S1–S4. The peak cen-
tered at 380 nm is formed by the absorption of the excited
light by the pure reference styrene solution (black curve) and
target samples (colorful curves), respectively, that is, the
excitation beam which has been absorbed. The value of PL
QY is defined as the ratio of emitted photons to the absorbed
ones, which is reflected by the following equation:

= =
-

( )N

N

N

N N
QY , 2em

abs

em

blank sample

where Nem stands for the integrated spectra of the sample’s
luminescence wavelength range (∼400–500 nm), as seen in
the inset of figure 5. Nabs means the total amount of absorbed
photons. Nblank and Nsample represent the as-styrene and
sample’s integrated spectra of excitation beam (see sharp
spectra in figure (5)), respectively. A cuvette filled with pure
styrene solution was used as the blank for each measurements

of samples [60]. The calculated results are 16.3%, 26.1%,
53.9% and 76.5% for S1–S4, respectively. The maximum PL
QY of S4 is obviously larger than previous reports for Si NCs
(see table 1). To investigate the enhancement of PL QYs with
increasing HF concentration, one reason with respect to the
radiative and non-radiative recombination procedure is taken
into account as follows [17, 61]:

=
+

( )k

k k
QY , 3r

r nr

t =
+

( )
k k

1
, 4ave

r nr

where kr, knr and tave are the radiative, non-radiative recom-
bination rates and average lifetime, respectively. As confirmed
from the PL decay curve, tave becomes longer from 2.27 to
6.89 ns for S1–S4, the calculated kr from equations (3) and (4)
increases from ´7.1 107 s−1 to ´11.3 107 s−1 for S1–S4, and
knr decreases from ´36.4 108 s−1 to ´3.5 107 s−1 for S1–S4.
The values of kr and knr near 10

7 s−1 are consistent with that of
blue PL from alkyl-terminated Si NCs [15]. Moreover, the
calculated results of the reduction in non-radiative recombi-
nation rates are in good agreement with ESR results, which
reveals that the enhancement of surface passivation of Si NCs
through alkyl-related bonds leads to the reduction of Si dan-
gling bonds and further results in the decrease of non-radiative
recombination rate. Furthermore, the alkyl-related radiative
recombination centers are introduced to increase, leading to the
enhancement of radiative recombination rate. Thus, the
reduction of knr and the increase of kr contribute to the effective
enhancement of PL QYs.

The other reason accounting for the increment of PL QYs
is that adding HF to the styrene solution can effectively
promote the hydrosilylation process and the photo-initiated
reaction, the radiative recombination process can be thus
enhanced by increasing alkyl-related passivation. From the
results of UV–vis absorption spectra, it can be concluded that
more Si nanoparticles are obtained, indicating that the yield of
Si NCs enhances with increasing HF concentration.

In conclusion, we have investigated the structural trans-
formation, PL properties, and significant improvement of
fluorescence quantum yield for colloidal Si NCs by fs laser
ablation in styrene containing incremental concentration of

Figure 5. Emission quantum yields of S1–S4 under excitation at
380 nm. Inset: the much clearer luminescence spectra of S1∼S4
samples.

Table 1. Comparison about emission quantum yield of this work with various literature that have been reported by different research groups.

Group Preparation of samples
Emission quantum
yield(%)

Xin et al [17] Si NCs conducted in different organic solvents by nanosecond laser <10
Yuan et al [9] ThereversibletransformationfromCl:Si NCstocarbon‐terminatedSi NCs(C:Si NCs)

prepared via pulsedlaserablation
13

Nakamura et al [18] Colloidal Si NCs prepared by laser irradiation 20–23
Limpens et al [23] Si NCs prepared by sputtering and a high-temperature heat treatment 35
Miyano et al [19] Si NCs under irradiation UV light at 365 nm with HF 55
Mangolini
et al [20, 21]

Nonthermal plasmas, wet-chemical surface passivation with organic ligands 60–70

Li et al [22] Ultrabright Si nanoparticles fabricated through designed chemical surface modification 75
This work Si NCs under fs laser in organic solution with HF 76.5
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HF from 0 to 11.1 vol%. With increasing HF concentration,
the decreasingly average size from 6.5 to 2.7 nm, the
enhancement of Si NCs surface passivation with alkyl-related
molecules and the reduction in the densities of dangling
bonds between Si/SiO2 interface regions are revealed by
Raman scattering, HRTEM, FTIR, XPS, and ESR measure-
ments. It is shown that adding HF to the styrene solution is
found to remove the dioxide layers and then replace them by
alkyl-related bonds under fs laser ablation, leading to the
lower defect density of non-radiative Pb defect centers. In
accordance with the structural characterizations, UV–vis
absorption, PLE spectra, and time-resolved PL, we propose
that the blue emissions from colloidal Si NCs originate from
the following process: under excitation light irradiation, the
excitons are excited at Γ point within Si NCs, and then, some
excitons are caught by non-radiative Pb centers, while the rest
of them transfer to alkyl-related radiative recombination
centers and emit blue PL at around 2.82 and 3.01 eV. The
effective passivation and the suppression of non-radiative Pb

centers lead to the enhancement of PL QYs from 16.3%
to 76.5% with incremental HF concentration from 0 to
11.1 vol%. Addition of HF to the styrene solution for fabri-
cating colloidal Si NCs by fs laser ablation is considered as an
effective approach to promote hydrosilylation and the photo-
initiated reaction.
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