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We present a detailed investigation of the structural evolution and photoluminescence (PL)

properties of colloidal silicon (Si) nanocrystals (NCs) synthesized through femtosecond laser
ablation at different laser fluences. It is shown that the mean size of colloidal Si NCs increases
from ~0.97-2.37 nm when increasing laser fluence from 1.0-2.5 mJ cm ™2 On the basis of
structural characterization, temperature-dependent PL, time-resolved PL, and PL excitation
spectra, we identify that the size-dependent spectral shift of violet emission is attributed to the
quantum confinement effect. The localized excitons’ radiative recombination via the oxygen-
related surface states on the surface of the colloidal Si NCs is employed to explain the origin of

the blue emission.

Keywords: colloidal silicon nanocrystals, femtosecond laser ablation, laser fluence, surface

engineering, photoluminescence

(Some figures may appear in colour only in the online journal)

In recent years, colloidal silicon (Si) nanocrystals (NCs) have
attracted tremendous research interests due to their intriguing
optical and electronic properties and promising applications
in optoelectronic devices [1-4], solar cells [5-8], as well as
fluorescent biomarkers [9—11]. The fascinating applications of
colloidal Si NCs in these aspects are mainly because of their
non-toxicity, abundance, continuous tunability of photo-
luminescence (PL) over a broad spectral range from UV to
near-IR, and high compatibility with microelectronics [12].
Compared with traditional chemical and physical synthesis
procedures for colloidal Si NCs, pulsed laser ablation (PLA)
in liquid has been proven to be a green and convenient
method without any un-necessary by-products [13, 14].
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Under laser ablation, the plasma plume formed and confined
within the liquid media is an ideal environment to promote
non-equilibrium processes, which is beneficial to the forma-
tion of colloidal Si NCs. The versatile one-pot synthesis of
organic-capped colloidal NCs (e.g., Si, germanium, gold,
copper) through PLA can be formed by the automatic reaction
between the reactive nanocrystalline surface with surface
radicals and the reactive unsaturated organic molecules
[15-19].

As we know, various laser parameters, such as liquid
media, laser wavelength, pulse duration, and pulse energy,
should be taken into account to control the structure and
surface chemistry of Si NCs, which can further determine the
nature of luminescence [20-25]. Moreover, it has been both
experimentally and theoretically shown that the surface

© 2017 IOP Publishing Ltd  Printed in the UK
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chemistry indeed affect the color of the light emission from Si
NCs [26, 27]. Among these parameters, laser fluence is a very
important parameter to modify directly the Si NCs size,
chemical configurations and growth mechanism [24]. Yang
et al [20] and Chewchinda et al [25] have reported that the
mean size of colloidal Si NCs produced by nanosecond
pulsed laser decreases with the increase of laser energy,
resulting in the blueshift of luminescence. Nevertheless,
Intartaglia et al [23] and Hamad et al [24] have drawn the
contrary conclusions, the mean size of Si NCs synthesized
using femtosecond pulsed laser increases with increasing laser
energy. The above different data trend from Si NCs fabricated
by nanosecond and femtosecond laser ablation can be
explained as the following: (i) On a time scale, nanosecond
laser pulses usually release energy slowly compared with the
thermal relaxation processes of the target, while femtosecond
laser pulses release energy to electrons in the target much
faster than electron—phonon thermalization processes, which
can reduce local heating on the target [23]. Moreover, the
temporal overlap between laser pulse duration and material
evaporation time induces thermodynamic instability of the
plasma plume [28]. As a consequence, there are some dif-
ferences in the generated nanoparticles produced by means of
nanosecond and femtosecond laser pulse duration.

(i) For nanosecond laser pulses, the production of silicon
atoms filled in the plasma plume is less at low laser fluence,
the pressure and temperature of plasma plume is low at this
stage. Therefore, the nucleation is relatively difficult. The
small number of nuclei formed consumes the surrounding
silicon clusters, resulting in the formation of large size silicon
particles [20]. Under high laser fluence, the pressure and
temperature of the formed plasma plume is relatively high,
which is favorable to the formation of silicon nuclei in all the
plume region. The incrementally supplied silicon atoms are
shared by more nuclei, leading to the small sized silicon
nanoparticles.

In the case of femtosecond laser pulses, low laser fluence
can generate a sustainable cavitation bubble, which subse-
quently develops higher pressure favorable to the formation
of smaller sized Si nanoparticles. Nevertheless, the cavitation
bubble cannot sustain for a long time for the high laser flu-
ence case, the pressure across the bubble is lower due to its
collapse, resulting in the aggregation for the produced Si NCs
[24, 29]. Therefore, it is essential to have a deep insight into
the effect of laser fluence on the structure and optical prop-
erties of colloidal Si NCs.

Up to date, most of the reported light emission resulting
from colloidal Si NCs fabricated by PLA is limited in the blue
range. It has been usually assigned to quantum confinement
effect (QCE) [30], direct-transition-like recombination of
quantum-confined electron—hole pairs [31], and oxide-related
radiative recombination of electron-hole pairs via surfaces of
colloidal Si NCs [32]. In our previous work, we have pro-
posed that the surface chemistry of the Si NCs in terms of
introducing localized states is also an important factor
affecting the light emission [33]. The present work aims to
clarify the luminescence mechanism of violet and blue
emission resulting from colloidal Si NCs with controllable

sizes and surface passivation. The radiative recombination of
electron-holes pairs from colloidal Si NCs is expected to
exhibit different characteristics within the different wave-
length ranges, which not only provides ways to identify the
luminescence mechanism of the Si NCs, but also realizes the
possibility to control the visible light in desired wavelength
range for Si-based optoelectronics devices.

During preparing colloidal Si NCs, the mixture of porous
silicon powder (25 mg) with a mean diameter of 100—120 nm
(Aladdin) and 1-octadecence (Sml, >99%, Aladdin) was
ultrasonically for 1h. The irradiation was performed by a
femtosecond (fs) pulsed Ti/sapphire laser operated at 800 nm
with pulse duration of 100 fs and frequency of 80 MHz. The
laser beam was focused on the above mixture with a spot size
around 2 mm in diameter using a lens with a focal length of
10 cm. The irradiation time was maintained at 1 h and the
solution was continuously stirred by a magnetic stirrer during
laser irradiation. After irradiation for 1h, the supernatant
liquid was filtered by centrifugation at 12 000 rpm with a
membrane filter that had a pore size 200 nm for 30 min and
the colloidal Si NCs were prepared. The studied samples were
named by Sx (x = 1, 2, 3, 4) for laser fluence at 1.0, 1.5, 2.0
and 2.5 mJ cm 2, respectively.

The formation and morphology of the samples were
examined by x-ray diffraction (XRD, Philips X’pert) using
Cu Ka line (0.154 19 nm) and high resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100F). Raman
scattering spectra were performed on a Jobin Yvon LabRAM
HR 800 UV micro-Raman spectrometer using 514.5 nm line
of Ar ion laser. Fourier transform infrared (FTIR) spectra
were measured at Nicolet Nexus 870 FTIR spectrometer
within 400-4000cm ' range. The bonding configurations
were analyzed by x-ray photoelectron spectroscopy (XPS)
spectra with a Shimadzu Kratos Axis Ultra DLD spectrometer
using a monochromatic Al Ko x-ray source (1486.6 eV), and
UV-visible (UV-vis) absorption spectra were measured by a
Perkin-Elmer Lambda 20 spectrometer. Steady-state PL and
PL excitation (PLE) spectra were recorded by Edinburgh
Instruments FLS920 through normalizing the variation in Xe
lamp output over the spectral range of interest. Time-resolved
PL was measured by using a 405.0 nm diode laser with a
pulse width of 60.0 ps as the excitation source.

Figure 1(a) displays XRD patterns of all the samples
produced in l-octadecene at different laser fluences. The
broad diffraction peaks at around 28.5°, 47.6°, 56.5°, 76.4°
and 89.2° are indexed to silicon phase with diamond structure
(JCPDF-27-1402), corresponding to Si (111), Si (220), Si
(311), Si (331) and Si (422) planes, respectively. The
appearance of broad diffraction peaks is indicative of the
formation of Si NCs [34]. In addition, the broad diffraction
peak at approximately 20° is from the surface alkyl molecules
[35]. With the increase of laser fluence, the intensity of dif-
fraction peaks increases and the full widths at half maximum
(FWHM) of those decreases from S1 to S4, indicating that the
mean diameter and crystalline degree of Si NCs increase. The
average size of Si NCs can be calculated by employing
Scherrer equation [35]: D = KA/ cos 8, D is the mean
diameter of Si NCs, K is a constant 0.89 for spherical
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Figure 1. (a) XRD patterns of alkene-passivated Si NCs that were synthesized in 1-octadecene at different laser fluences: 1.0 (S1), 1.5 (S2),
2.0 (S3) and 2.5 mJ cm 2 (S4), and (b) Raman spectra of colloidal Si NCs samples as in figure 1(a).

particles, A is x-ray wavelength of 0.151 48 nm, 6 is Bragg
diffraction angle of the peak, and 3 is FWHM of the dif-
fraction peak in radians. The determined mean diameters of Si
NCs from the corresponding Si (111) diffraction peak are
0.97, 1.43, 1.91, and 2.34 nm for S1-S4, respectively.

Figure 1(b) presents Raman spectra of the Si NCs as in
figure 1(a). It is seen that the Raman peak lies at 499, 508,
513 and 515¢cm™! for S1-S4, respectively. Due to its zero
momentum, the optical phonon of bulk crystalline Si is a
Raman active mode and occurs at the center of Brillouin zone
to form a sharp peak at 520 cm ™. It can be found that more
phonons appear in small Si NCs, rather than at the center of
Brillouin zone. This is contributed to the phonon density of
states, which leads to the redshift of Raman peak position and
Raman spectral broadening of the transverse phonon line
compared with bulk crystalline Si [36-38]. The relationship
between the redshift of Raman peak position of Si NCs and
the mean diameter of Si NCs can be described through the
phenomenological law [39, 40]: Aw = —19.856/d'-8¢,
where Aw represents the redshift of Raman peak position of
Si NCs compared with that of bulk Si, and d is the mean
diameter of Si NCs. The calculated mean diameters for S1-S4
are 0.96, 1.37, 1.93, and 2.35nm, respectively, in good
agreement with the results from XRD data in figure 1(a).

The detailed information about the morphology, size, and
size distribution of Si NCs can be directly characterized by
TEM analyses. Due to small atomic number difference
between Si and carbon (C) support layer, it is difficult to
obtain clear TEM images. Hence, graphene was used to be as
a support layer to provide the clear Si NCs TEM images.
Before measurements, all the samples were purified rigor-
ously with the mixture of solvent/antisolvent pairs of
toluene/acetone for ultrasound 30 min to remove the excess
1-octadecene. The washing procedure was repeated at least
five times and then Si NCs were dried in drying oven under
vacuum for 24 h at 150 °C. The resulting clean Si NCs were
dispersed in ethanol with high volatility for HRTEM
measurements.

Figures 2(a)—-(d) and (al)-(dl) show TEM images and
the corresponding size distributions of colloidal Si NCs
synthesized in 1-octadecene, respectively. It can be observed

that Si NCs are spherical and homogeneously dispersed in
1-octadecene, and the mean size of Si NCs is ~0.95, 1.41,
1.92, and 2.37nm for S1-S4, respectively. The inset in
figure 2(a) is a typical HRTEM image of a Si NC of Slwith
lattice spacing ~0.3 nm, corresponding to (111) plane of
cubic Si [23, 41].

The dependence of colloidal Si NCs size on the laser
fluence is confirmed to be a size increment when the laser
fluence increases. And the similar dependence of Si NCs size
on the laser energy has been reported in Si NCs [23, 24]. The
variation of Si NCs size with laser energy mainly depends on
the cavitation bubble dynamics arising from the target sur-
face. Low laser energy can generate a sustainable cavitation
bubble, which develops higher pressure favorable to the for-
mation of smaller sized Si nanoparticles. Whereas, the cavi-
tation bubble cannot sustain for a long time for high laser
energy case, the pressure across the bubble is lower due to its
collapse under high laser energy, which results in the aggre-
gation for the produced Si NCs [24, 29].

Figure 3(a) presents the FTIR spectra of all samples to
directly reveal the chemical bonds inside Si NCs. The
absorption bands at 808, 1376, 1465, 1639, 2854, 2923, and
2954 cm™' can be assigned to the Si-O bending, CH; bend-
ing, Si—-C scissoring, SiO-H, symmetric CH, stretching,
antisymmetric CH, stretching, and asymmetric CHj stretch-
ing modes, respectively [32, 42, 43]. There are two possible
origins for the absorption peak at 680cm™', one is Si-H
vibration mode and the other is Si—C asymmetric vibration
mode [44, 45]. In this work, no absorption peak falling in
2000-2200 cm ' can be observed, suggesting that there are
no Si—H bonds on the surface of Si NCs. The absorption peak
at 680cm ™" can be assigned to Si—C asymmetric vibration
mode on the surface of Si NCs. The appearance of Si—C
bonds on the surface of Si NCs indicates that the Si NCs
surface has been successfully passivated by organic mole-
cules [46]. The C passivation of Si NCs surface can be
explained by cycloaddition chemistry [32]. During laser
ablation, the Si NCs will have very high free energy, and
some Si atoms on the surface are unsaturated and active under
extreme conditions, which can react with surrounding liquid
and thus a cyclic compound will be formed. This can be well



Nanotechnology 29 (2018) 025709

W S Wu et al

Freq‘uér-lcy“

N DN W
S e O

Ju—
=)

Frequency

W

d=0.95 nm
O0~2.22 nm

03 06 09 12 15 1.8 21

—_— NN W
~N B~ = o0 W

(8}

[\
=

—_

Frequency

—
=

Diameter (nm)

(bl) ®=1.39 nm

6~3.35

09 12 15 1.8 21
Diameter (nm)

®=1.96 nm
6~2.23 nm

=
7o

@)

(SN
N—’

o0

=)

10 15 20 25 30
Diameter (nm)

(=

(=

LS 20 25 30 35
Diameter (nm)

Figure 2. (a)-(d) and (al)-(d1) TEM images and the corresponding size distribution of colloidal Si NCs as in figure 1(a). Inset: a typical

HRTEM image of a Si NC. ®, mean size; o, standard deviation.
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Figure 3. (a) Infrared absorption spectra for colloidal Si NCs samples, (b) the densities of Si—C and Si—O bonds as a function of laser fluence,
and the experimental (open circles) and calculated (solid curves) XPS spectra for S4: (c) Si 2p and (d) C 1s.

expressed by the following schematic illustration of chemical
reaction in ablation process [32]:

Here, R represents (CH,),4CHj3. Therefore, the Si—C and
Si—O bonds are expected to be formed at the surfaces of Si
NCs. By integrating the infrared absorption bands in
figure 3(a), we can observe that the intensities of Si—C and
Si—O bonds decrease with laser fluence, as illustrated in
figure 3(b). Some Si—C and Si—O bonds would be broken on
the surface of Si NCs under the extreme equilibrium condi-
tions at high laser energy.

XPS measurements were performed to determine precisely
the chemical configurations of Si NCs and the cover degree of
Si—C bonds on the surface of Si NCs. Figures 3(c)—(d)
display the representative experimental (open circles) and well
Gaussian fitted (solid curves) Si 2p and C 1s core-level binding
energy spectra of S4, respectively. It can be observed that Si 2p
spectrum can be well fitted by two Gaussian peaks at ~99.5
and 102.1eV. The peak at 99.5 eV is characteristic of pure Si
and the peak of 102.1 eV can be attributed to the combination
of Si—C and Si—O bonding [47]. This is in good consistent with
the results of alkyl-passivated Si NCs. The C 1s XPS spectrum
can be well fitted through two Gaussian peaks at ~284.5 and
286.3eV, corresponding well to C-H and Si-C bonds,
respectively [32, 48]. The XPS results further demonstrate that
the surface of Si NCs prepared in 1-octadecene by PLA has

been well passivated by organic molecules, in good agreement
with FTIR results (in figure 3(a)).

The surface coverage of Si NCs by organic molecules
can be estimated to obtain the passivation effect. Taking S4 as
an example, the ratio of the integral area of Si 2p peak to that
of Si—C bonds centered at 286.2 eV in C 1s XPS spectrum is
4.2. According to M Rosso-Vasic [43], the number of Si
atoms for a Si NC with mean diameter 2.37 nm is 278. So,
there are around 66 Si—C bonds on Si NCs surface, and the
number of surface sites is estimated to be around 117. Hence,
the surface coverage of Si NCs with organic molecules is
about 58.2%.The surface coverage of Si NCs with organic
molecules is about 67.3%, 61.8%, 59.5%, and 58.2% for
samples S1-S4, respectively. This is due to the broken of
some Si—C bonds under the extreme non-equilibrium condi-
tions when inputting the high laser energy.

The UV-vis absorption spectra of all samples in
figure 4(a) appear to have a broad continuous absorption band
in the visible region together with a shoulder at around
3.3 eV, similar to the previous published research works on Si
NCs [49-51]. The photon energy of 3.3 eV is very close to the
direct transition at I'-point (3.4eV, I'ys — I';5). The blue-
shift of absorption edge of Si NCs compared with that of bulk
Si (~1.1eV) is ascribed to an effect of QCE. The optical band
gap of colloidal Si NCs can be deduced by Tauc extrapolation
for an indirect transition to be about 2.6, 2.4, 2.3 and 2.1 eV
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Figure 4. (a) UV-visible absorption spectra of colloidal Si NCs samples, (b) room-temperature PL spectra with excitation wavelength 360 nm
of all samples, (c) room-temperature PL spectra of S3 at the indicated A.,., temperature-dependent PL spectra of S3: (d) violet emission and
(e) blue luminescence, and (f) the fitting plot of the violet PL emission peak of S3 against temperature value.

for S1-S4, respectively, further suggesting the existence of
QCE. In the visible region, it is evident that a stronger
absorption can be observed for colloidal Si NCs prepared at
lower laser fluence, compared with those obtained at higher
laser fluence. The fabricated colloidal Si NCs with several
nanometers diameter is much smaller than the investigated
absorption light wavelength, light scattering can be safely
neglected. Therefore, the absorbance is supposed to be pro-
portional to the yield of Si NCs. Stronger absorption suggests
that there are more Si nanoparticles at lower laser fluence than
those under higher laser fluence [24, 51, 52].

Figure 4(b) presents the room temperature PL spectra with
excitation wavelength (A.x.) 360 nm for all samples. We can

clearly observe that there are two PL peaks from violet to blue
light range for all samples. Moreover, violet and blue emission
peaks present different dependence on the laser fluence. There
is an obvious redshift for violet luminescence peak from
around 3.25eV in S1 to 3.00 eV in S4, while blue PL emission
peak energy at 2.86eV keeps almost unchanged for these
samples. No luminescence can be observed from 1-octadecene
alone illuminated by light, indicating that two PL bands should
originate from colloidal Si NCs rather than 1-octadecene.

The Ao~ and temperature-dependent PL spectra were
carried out to investigate the origin of the luminescence in
figure 4(b). Figures 4(c)—(e) illustrate the Ao . and temper-
ature-dependent PL spectra of S3 as a representative,
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Figure 5. (a) PLE spectra and (b) time-resolved PL spectra detected at 4.86 eV for S3.

respectively. It can be found that the violet emission peak
energy presents a remarkable redshift with increasing Aexc
and temperature, whereas the blue emission peak energy at
2.86¢eV is independent of the ... and temperature. There-
fore, it is rational to deduce that there are different emission
mechanisms contributing to violet and blue emission.

We begin with the investigation of violet light mech-
anism. (i) Due to QCE, the optical bandgap of Si NCs
decreases with the increase of size as determined from UV-
vis absorption spectra. More and more small size colloidal Si
NCs cannot be excited with the enhancement of .., result-
ing in redshift of PL emission peak energy [53]. (ii) The
temperature-dependent PL peak energy presents a remarkable
redshift owing to the decreasing energy gap of colloidal Si
NCs with the increase of temperature. These observations
suggest that the violet emission originates from the band-to-
band direct recombination of electron—holes pairs in quantum
confined colloidal Si NCs. Figure 4(f) displays the variation
of PL peak energy of S3 as a function of temperature, which
could be reproduced by Varshni formula [36, 54]:
E,(T) = EQM — aT2/(T + (3), where « is the temperature
coefficient (dE,/dT), § is close to the Debye temperature,
EPX is the bandgap of bulk Si at 0K (=1.17eV). The
temperature dependence of PL peak energy is mainly due to
the electron—phonon coupling, which leads to the shrink of
the semiconductor band gaps with the increase of temper-
ature, resulting in the redshift of PL emission [55]. For blue
emission, considering the observation of )., and temperature
independent PL peak position, we will assign later that
the luminescence is related to the localized excitons’ radiative
recombination via the oxygen-related surface states on the
surface of the colloidal Si NCs.

In addition, both violet and blue PL bands intensity of
samples decreases with the increase of temperature from 83 to
300 K. The similar temperature-dependent behaviors of PL
bands intensity have been reported in colloidal Si NCs pas-
sivated with Si—C bonding [56]. This indicates that the
radiative recombination processes dominate at low temper-
ature, while the non-radiative recombination centers become
thermally activated with the enhancement of temperature,
resulting in the decreases of PL intensity.

Now we focus on the effect of laser fluence on blue PL
bands. Figure 5(a) displays the PLE spectra of all the samples
with the detection energy of 2.86 eV. The PLE peak position
at 3.30eV is independent of laser fluence, which is slightly
smaller than the experimental I'-point interband transition
energy of 3.4 eV of bulk Si [57]. According to the theoretical
modeling of Si NCs, the 0.1eV redshift of the interband
transition energy compared to bulk Si is attributed to QCE
[58]. The quantum size confinement effect will not only
influence the optical bandgap value, but also the direct
transition energy at I'-point [59]. However, the direct trans-
ition energy at I'-point is size-dependent, and should also shift
with the variation of size in Si NCs. According to Rama
Krishna, et al the direct transition energy at I"-point will first
increase slightly with the reduction of the Si crystal size and
then decrease [59]. They have reported that the direct trans-
ition energy at I'-point increases from 3.39 to 3.40eV with
the increase of Si NCs size from 50 to 25 nm. When further
decreasing Si NCs to 6.5 nm, and the corresponding direct
transition energy at I'-point drops to 3.14 eV. On the basis of
the above discussions, the possible origin of blue emission
from the direct transition at I'-point can be safely ruled out in
our case. Compared with the PL peak energy 2.86¢eV, the
PLE peak energy (3.30eV) has an obvious Stokes shift of
0.44 eV, demonstrating that the carriers have been mostly
generated at the energy level of 3.3 eV [60].

To understand the recombination mechanism of carriers in
Si NCs, time-resolved PL spectra were measured for all sam-
ples. Figure 5(b) displays the decay curves of all samples
recorded at an emission peak of 2.86eV. All the decay curves
can be calculated through double-exponential iterative fitting
program provided by Edinburgh Instruments. It can be found
that the experimental data can be well fitted using double-
exponential function [32]: 1(f) = Aje="/" + Aye~/™, where [
(1) is the PL intensity as a function of time #; A;, A,, 7; and 75
are the fitting constants. The colloidal Si NCs exhibitchar-
acteristic lifetimes with a fast decay component from 0.93 to
1.25ns and a slow one from 4.78 to 5.36 ns, with the increase
of laser fluence from 1.0 to 2.5mJcm 2. The average
lifetime 7 can be calculated by using the equation:
7= AN+ A3 /(AT + Ayn), the obtained 7 increases
from 3.6ns in S1 to 5.2ns in S4 with the increase of laser
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fluence. Due to the stronger QCE in smaller Si NCs than that in
large ones, the radiative recombination rate enhances and the
decay lifetime of the order of nanoseconds decreases in smaller
Si NCs size.

It is reported that the following PL. mechanisms are often
used to explain the fast blue PL in Si NCs: (i) The first one is
attributed to the direct bandgap recombination of electrons-
holes pairs at I' point. (ii)) The second one is the excitons
recombination in Si NCs with certain modified surface [61].
(iii) The third one is related to oxygen-related surface states, PL
peak value will keep fixed when excited by different wave-
length [33]. The direct recombination of electrons-holes at I"
point can be safely excluded due to the size-dependent trans-
ition in Si NCs, and the PL peak energy has to be a blue shift
with the size reduction of Si NCs [62]. In this case, the Si=0
bonds may introduce localized states in the Si NCs due to the
oxidation of the Si nanocrystal’s surface [63]. According to the
First-principle, the nanosecond decay time can be attributed to
the localized state exciton transitions on the surface of the Si
NCs [33]. The oxygen-related surface states acting as the
radiative recombination centers to give rise to blue emission in
Si NCs has been reported in previous works [32, 64, 65]. Based
on these analyses, we propose that the blue emission originates
from the radiative recombination of the localized excitons
generated at 3.3eV energy level via oxygen-related surface
states on the surface of the colloidal Si NCs.

Finally, we discuss the decrease of the PL intensity with the
increase of laser fluence. On one hand, due to the broken of the
Si—O and Si—C bonds at higher laser fluence (see figure 3(b)),
the dangling bonds acting as non-radiative recombination cen-
ters cannot be well passivated; On the other hand, the aggre-
gated Si NCs at high laser fluence results in the decrease of Si
NCs density, as deduced from UV-vis absorption spectra
(figure 4(a)), thus there are fewer excited electron-hole pairs can
be transferred to the surface of Si NCs to recombine.

In summary, XRD, Raman scattering, HRTEM, FTIR, and
XPS measurements have been employed to reveal the evol-
ution of the structure, chemical compositions, and bonding
environment of the colloidal Si NCs with the laser fluence.
Through analyzing the UV-vis absorption, A../temperature-
dependent PL spectra, the size-dependent spectral shift of
violet emission is attributed to the QCE. In combination with
the time-resolved PL and PLE spectra, we attribute the origin
of the blue luminescence to the localized excitons’ radiative
recombination via oxygen-related surface states on the surface
of colloidal Si NCs. Based on the understanding the violet and
blue emitting mechanism from colloidal Si NCs, the con-
venient and environment-friendless synthesis routes can be
further popularized to replace time-consuming ones to fabricate
the stable colloidal Si NCs, which can facilitate their applica-
tions in optoelectronic devices.
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