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Facile synthesis of silicon quantum dots with
photoluminescence in the near-ultraviolet
to violet region via wet oxidation†

Yizhou He, a Qianxi Hao,a Chi Zhang,a Qi Wang,a Wenxin Zeng,a Jiamin Yu,b

Xue Yang,*b Shaorong Li,a Xiaowei Guo *ac and Serguei K. Lazaroukd

To extend the photoluminescence (PL) of silicon quantum dots (SiQDs) into the near-ultraviolet–violet

(NUVV) region, the size of SiQDs must be reduced to less than 1.53 nm. However, this significantly

increases both the difficulty and the cost of synthesis. Herein, we report a facile wet oxidation treatment

to obtain SiQDs with PL emission in the NUVV region while elucidating their emission mechanism.

The synthesized SiQDs exhibit an average diameter of 4.95 nm, with F-band emission peaks ranging

from 332 to 420 nm, which are blue-shifted by approximately 500 nm compared to the near-infrared

(NIR) counterparts lacking wet oxidation treatment. Notably, the synthesized SiQDs achieve an average

photoluminescence quantum yield (PLQY) of 19.05%, a 6.24-fold increase over their NIR counterparts.

Comprehensive examinations attribute this NUVV emission to two types of oxygen defects: peroxy

linkage (POL) and oxygen-deficient center (ODC(I)). Under wet oxidation conditions, SiOx networks

containing these oxygen defects, rather than simple Si–O–Si groups, are formed on the surface of

SiQDs. Furthermore, after storing the SiQDs in ambient air for approximately two months, no intrinsic or

additional defect-induced emissions were observed, and 88% of the initial PLQY was retained, indicating

favorable stability of the SiQDs. This study provides valuable insights into oxygen-related defect-induced

emission mechanisms on SiQD surfaces.

1. Introduction

Thanks to the abundance and environmentally benign proper-
ties of silicon, silicon quantum dots (SiQDs) are expected to
serve as alternatives to rare earth phosphors and II–VI semi-
conductor QDs luminescent materials, thus contributing to the
advancement of the sustainable development goals (SDGs).1

Various methods have been developed for synthesizing SiQDs
to date, including pulsed laser ablation of solid silicon,2–7

electrochemical etching of silicon wafers,8–10 reduction of
halosilanes,11–15 solution synthesis,16,17 plasma synthesis,18–20

thermal pyrolysis of hydrogen silsesquioxane (HSQ) or HSQ
polymers,1,21–49 and other unconventional techniques.50–52

Among these methods, thermal pyrolysis is particularly advan-
tageous due to its low equipment requirements and the high
quality of synthesized SiQDs.1,30 To enable the utilization of
SiQDs in light-emitting devices (LEDs),53–59 photodetectors,60,61

biomedical imaging,43,44 photovoltaics,62,63 and other
applications,64 it is essential to achieve emission that spans
the entire visible spectrum. The quantum confinement effect
allows for the precise control of the size of SiQDs between 2 and
10 nm, resulting in red, orange, and yellow slow-band (S-band)
photoluminescence (PL).65,66 Furthermore, achieving S-band
green, blue, and violet PL requires SiQDs with sizes smaller
than 2 nm, 1.70 nm, and 1.53 nm, respectively, as predicted by
the effective mass approximation (EMA) method.66,67 However,
this introduces significant challenges in terms of manufactur-
ing complexity and costs, particularly for violet-blue-emitting
SiQDs.67,68 Moreover, literature reports indicate that even
with SiQDs sized between 1 and 1.6 nm, violet-blue emission
remains difficult to achieve.69

Surface engineering has emerged as a promising approach
for producing blue-emitting SiQDs, where the fast-band (F-band)
violet-blue PL primarily arise from surface effects rather than
size-related quantum confinement.65,67 Various ligands, such
as siloxane, nitrogen species, halogens, acetal, and amine, have
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been shown to induce violet-blue emission from SiQDs.24,40,70–72

Siloxane, functioning as a silica oxide ligand, can be generated
in situ without additional reagents, thereby streamlining the
synthesis process.40,72–75 In 2010, de Boer et al. identified a
violet-blue component (420 nm) within the PL spectra of SiQDs
and attributed it to oxygen-related defects on the SiQD surface.73

In 2011, Gupta et al. observed a shift in the PL of as-prepared
hydride SiQDs (H-SiQDs) from orange (620 nm) to violet-blue
(450 nm) following a single day of air exposure.74 At approximately
the same time, Yang et al. employed laser ablation to synthesize
silicon nanoparticles (Si NPs) exhibiting a strong violet-blue emis-
sion (415–435 nm).76 By monitoring the PL evolution of Si NPs
during various treatments, they attributed this blue emission to
the transfer of excitons generated in the Si NPs to near-interface
traps (NITs) and their subsequent radiative recombination within
the NITs. In 2013, Chiu et al. demonstrated a complete transition
in the PL of cetyltrimethylammonium bromide/decane-passivated
SiQDs (CTAB/Dec-SiQDs) from red (580 nm) to violet-blue (488 nm)
after exposure to an alkaline environment (pH = 13.3) for three
days.75 In 2015, DeBenedetti et al. proposed that the conversion
of the red PL (B580 nm) to the violet-blue PL (B450 nm) of
Dec-SiQDs originated from the passivation of dangling bond
defects by small alcohol molecules.40 In 2022, Fujimoto et al.
synthesized siloxane-passivated SiQDs, exhibiting violet-blue emis-
sion (400 nm) with a photoluminescence quantum yield (PLQY) of
12% via the SiCl4 reduction method.72 In 2024, Jingu et al.
synthesized SiQDs exhibiting green PL at 530 nm by reducing
SiBr4 followed by ligand exchange with a carbazole derivative.77

They stored the SiQDs in O2-saturated ethanol and observed the
emergence of violet-blue (470–480 nm) and yellow-green (540 nm)
PL bands, which were attributed to SiOx and alkoxy groups.
Despite the significant efforts to produce SiQDs with violet-blue
emissions associated with silicon oxides,40,72–77 reports on emis-
sion peaks in the front part of the violet region (380–400 nm) and
the near-ultraviolet region (NUV) (200–380 nm) remain scarce.
Moreover, the highest PLQY achieved for these SiQDs is 12%,40,72–77

substantially lower than the required PLQY for applications in
LEDs, displays, and photovoltaics, which limits their practical
applications.65,67

We propose a straightforward wet oxidation treatment to
synthesize SiQDs exhibiting PL in the NUV-violet (NUVV) region
and elucidate their emission mechanism. The synthesized
SiQDs have a diameter of 4.95 nm and exhibit F-band emission
peaks ranging from 332 to 420 nm. This range of PL peaks is
blue-shifted by approximately 500 nm compared to the PL
peaks of the untreated sample. Notably, the average PLQY of
the NUVV-emitting SiQDs is 19.05%, representing a 6.24-fold
increase over that of the untreated sample. Through charac-
terization techniques including PL, transmission electron
microscopy (TEM), X-ray diffraction (XRD), Raman spectro-
scopy, Fourier-transform infrared spectroscopy (FTIR), and
electron paramagnetic resonance (EPR), we reveal that the
NUVV emission originates from two types of oxygen-related
defects in SiOx and provide a comprehensive understanding of
both the wet oxidation process and the mechanism of NUVV
emission. Finally, after storing the NUVV-emitting SiQDs in

ambient air for two months, we found that the stored sample
retained 88% of its initial PLQY, indicating that SiQDs exhibit
favorable air stability.

2. Experimental section
2.1. Materials

The following chemical reagents were used: triethoxysilane
(Macklin, 97%), hydrochloric acid (Keshi, 37%), hydrofluoric
acid (HF, Macklin, 48%), ethanol (Keshi, 99.7%), 1-octadecene
(Macklin, 95%), mesitylene (Macklin, 97%), and toluene (Keshi,
99.5%).

2.2. Synthesis of NIR-emitting and NUVV-emitting SiQDs

We refer to the final near-infrared (NIR)-emitting and NUVV-
emitting samples as NIR-QDs and NUVV-QDs. As shown in
Fig. 1, the synthesis involved four sequential steps: hydrolysis–
condensation, thermal pyrolysis, HF etching, and hydrosilylation.1

All procedures were conducted in an argon glove box, except for
the drying process following HF etching, which was likely carried
out in ambient air.

(1) Hydrolysis–condensation: 30 mL of TES was combined
with 15 mL of aqueous HCl (pH = 3) and then stirred magne-
tically for 5 to 10 minutes, resulting in a transparent gel-like
substance. This substance was allowed to dry at room tempera-
ture for 96 hours to yield a dry HSQ polymer. It is important to
clarify that a pH of 3 refers to the pH of the aqueous HCl
solution prior to the addition and does not pertain to the
overall pH after the addition.

(2) Thermal pyrolysis: the HSQ polymer was heated in a tube
furnace under a carrier gas mixture of 5% hydrogen and 95%
argon to 1000 1C and maintained for 6 hours. The heating rate
and duration of each temperature step are provided in Table S1
and Fig. S1. A pyrolysis temperature of 1000 1C and the plateau
temperature of 600 1C were adopted based on the literature.30 It
is important to note that the pyrolysis temperature of 1000 1C,
which is lower than the conventional temperature of 1100 1C,
is designed to be used in conjunction with a platform tempera-
ture of 600 1C to produce medium-sized SiQDs. The resulting
black particles were ground into a fine brown powder.

(3) HF etching: It is important to emphasize that HF used
in this process is extremely corrosive and, more importantly,
poses a significant and potentially fatal hazard to human
health. As a result, strict safety measures must be taken when
working with HF. 300 mg of the powder, along with 16 mL of
HF and 8 mL of ethanol, were added to a polytetrafluoroethy-
lene (PTFE) bottle and stirred magnetically for 60 minutes. The
resulting yellow solution was centrifuged at 12 000 rpm for
10 minutes, after which the supernatant was decanted to obtain
the precipitate. This centrifugation step was repeated once
more after adding ethanol. The precipitate was transferred to
a Petri dish, and 6 mL of fresh ethanol was added. It was then
dried under either argon or ambient air for 24 hours to obtain
the hydrogen-passivated SiQD powder, corresponding to the
final products, NIR-QDs and NUVV-QDs.
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(4) Hydrosilylation: 30 mg of the hydrogen-passivated SiQD
powder, along with 18 mL of 1-octadecene and 18 mL of
mesitylene, were added to a triple-necked flask and heated in
an oil bath at 130 1C for 20 hours. After cooling the solution
to room temperature, 30 mL of ethanol was added, followed
by centrifugation at 12 000 rpm for 20 minutes. If the earlier
drying treatment atmosphere was argon, the supernatant was
removed, and the precipitate was retained; then it was dried for
24 hours and dispersed in toluene, resulting in NIR-QDs.
Conversely, if the drying atmosphere was ambient air, the
supernatant was collected, resulting in NUVV-QDs.

Before characterizing the NUVV-QDs, the solution was trans-
ferred to a Petri dish and heated at 110 1C for 30 hours to
ensure the removal of 1-octadecene and mesitylene. The dried
NUVV-QDs were then dispersed in toluene for further charac-
terization. This step was undertaken to replace the original
solvent used with toluene.

2.3. Storage of NUVV-QDs in ambient air

A fresh solution of NUVV-QDs (with a solvent mixture of
1-octadecene, mesitylene, and ethanol) was transferred to a
sample vial and removed from the glove box to be exposed to
ambient air (15–25 1C, 30–55% RH) for 54 days. Subsequently,
the sample was returned to the glove box, where it was poured
into Petri dishes and heated at 110 1C for 30 hours to ensure the
removal of 1-octadecene and mesitylene. The resulting dried
NUVV-QDs were then dispersed in toluene for subsequent
characterization of the PL spectra.

2.4. Characterization

Utilizing a Talos F200S G2 TEM (Thermo Fisher Scientific) at
an operational acceleration voltage of 200 kV, measurements

encompassing TEM, high-resolution TEM (HR-TEM), and
selected area electron diffraction (SAED) were accomplished.
XRD patterns were obtained using an Ultima IV diffracto-
meter (Rigaku), utilizing CuKa radiation at a scanning rate of
51 min�1. Raman scattering measurements were performed
using a DXR3 Raman spectrometer (Thermo Scientific)
equipped with a confocal microscope. The excitation wave-
length and spectral resolution of Raman scattering spectra
were 532 nm and 0.4821 cm�1, respectively. The diameter of
the laser spot was 2 microns, the laser power was 1.5 mW and
the integration time was 30 s. FTIR spectroscopy was carried
out with the aid of a Nicolet Is5 spectrometer (Thermo Fisher
Scientific), employing an attenuated total reflection (ATR)
module and achieving a resolution of 0.48 cm�1. Before the
FTIR measurement, the samples were subjected to heating at
70 1C for 10 hours to remove residual toluene. The resultant gel-
like samples were then placed on a diamond ATR prism for
testing. EPR experiments were performed using an A300 EPR
spectrometer (Bruker) in the x-band, with a magnetic field
sweep from B = 3460 to 3560 G. To quantify the surface
dangling bond density of SiQDs, an ethanol solution of 2,2-
diphenyl-1-picrylhydrazyl (DPPH) at a concentration of 1.0 �
10�3 mol L�1 was employed as the standard sample. A toluene
solution of SiQDs with a concentration of 2 mg mL�1 served as
the test sample. The volume of both DPPH and SiQDs solutions
used for the measurement was 80 mL. Ultraviolet and visible
absorption spectra (UV-Vis) were captured using a UV 3600
spectrophotometer (Shimadzu) with an integrating sphere. The
PL spectra and PLQYs were determined using a Fluorolog-3
spectrofluorometer (Horiba Scientific) equipped with an IS80
integrating sphere (Labsphere) and a 450 W xenon lamp for
excitation (lex = 330 nm for the PLQY measurement), with a

Fig. 1 A schematic diagram of the synthesis routes for NIR-emitting and NUVV-emitting SiQDs.
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CCD (SYNAPSE) serving as the detection mechanism. For the
measurement of PL decay, the same Fluorolog-3 spectro-
fluorometer was employed, and this time using a DeltaDiode
(317 nm, DD-320) for excitation and a picosecond photon
detection module (PPD-850) to capture emissions (lex = 355 nm,
lem = 750 nm for NIR-QDs; lex = 317 nm, lem = 350 nm for
NUVV-QDs).

3. Results and discussion
3.1. PL analysis of SiQDs

Fig. 2(a) and (d) present the two-dimensional (2D) PL spectra of
octadecyl-passivated SiQDs both before and after wet oxidation

treatment. The analysis indicates that the wet oxidation-treated
SiQDs exhibit PL in the NUVV region (NUVV-QDs), whereas the
control sample displays PL in the NIR region (NIR-QDs).
Notably, this method facilitates a complete transition from
NIR to NUVV emission without the formation of an inter-
mediate state that contains both emission bands, as illustrated
in Fig. S2. As depicted in Fig. 2(d), the narrow-band spectrum of
the excitation light (the region outlined by the white dashed
line) is inevitably captured during detection due to the close
proximity of the NUVV emission and excitation wavelengths.
Since our focus is solely on the spectra of the samples, the
excitation light spectra have been subtracted from the subse-
quent extraction of the PL and photoluminescence excitation
(PLE) spectra. Fig. 2(b) and (e) display the PL, PLE, and UV-Vis

Fig. 2 (a) Two-dimensional PL spectra of the NIR-QDs. (b) PLE, PL and absorption spectra of the NIR-QDs. (c) Evolution of PLE peak energy with PL
energy for the NUVV-QDs (the shaded regions indicate the range for each stage, while the dashed lines represent the mean values). (d) Two-dimensional
PL spectra of the NUVV-QDs (the dashed line denotes the collected excitation light spectrum). (e) PLE, PL and absorption spectra of the NUVV-QDs.
(f) Evolution of PL peak energy with PLE energy for the NUVV-QDs (the shaded regions indicate the range for each stage, while the dashed lines represent
the mean values). (g) The potential mechanism for the excitation and emission of the NUVV-QDs. (h) PL decay profiles of NIR-QDs and NUVV-QDs.
(i) Statistical results of the PLQY of the NIR-QDs and NUVV-QDs.
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absorption spectra of these two types of QDs. The PL wave-
lengths exhibiting the highest emission intensity for NIR-QDs
and NUVV-QDs are 822 nm (1.51 eV) and 332 nm (3.73 eV),
corresponding to excitation wavelengths of 339 nm (3.66 eV)
and 305 nm (4.07 eV), respectively. The insets present the
photographs of these two quantum dots illuminated by visible
light and subjected to 365 nm UV irradiation. NIR-QDs and
NUVV-QDs exhibit light red and sky-blue coloration under UV
irradiation, corresponding to the visible components of their
respective emission spectra. Fig. S3 and S4 illustrate the evolu-
tion of the PLE spectra as a function of the PL wavelength and
the evolution of the PL spectra as a function of the PLE
wavelength for both QDs. The maximum of the PLE spectra
for the NIR-QDs is located at 342 nm and exhibits a negligible
variation with changes in the PL wavelength, indicating that the
direct bandgap of the NIR-QDs is 3.63 eV. Moreover, the
maximum of the PL spectra for the NIR-QDs is located at
822 nm and shows a negligible variation with changes in the
PLE wavelength, suggesting that the emission of the NIR-QDs
arises from the G–X transition with an indirect bandgap of
1.51 eV.67 The maximum of the PLE spectra of the NUVV-QDs
experiences a significant redshift with an increasing PL wave-
length, accompanied by the presence of ten distinguishable
shoulders. Similarly, the maximum of the PL spectra of the
NUVV-QDs exhibits a notable redshift with an increasing PLE
wavelength, accompanied by nine distinguishable shoulders.
This excitation dependence of the PL suggests that the observed
emission originates from trap states introduced by oxides or
ligands on the surfaces of SiQDs, rather than from intrinsic
emission (indirect G–X transition) of the silicon core.65,67

Furthermore, the emission dependence of the PLE further
implies that these trap states are also involved in the excitation
process. Notably, the emissions of the multiple peaks may also
arise from the vibronic structure associated with the surface
groups. However, it is important to note that the wavenumber
spacing between the nine emission subpeaks ranges from 419
to 1587 cm�1, with these spacings being unequal. This uneven
spacing indicates that the multiple peak emissions do not stem
from the vibronic structure.

To identify the energy levels of the trap states, we analyzed
the dependence of the PLE peak wavelength of the NUVV-QDs
on the PL wavelength, as illustrated in Fig. 2(c). Four distinct
steps in the PLE peak wavelength can be identified, which are
attributed to four trap states (Et). By calculating the average
energy of these components, the relative energy levels of the
four trap states were obtained, with the energy level of the
valence band maximum (VBM) of the NUVV-SiQDs set to 0 eV:
Et1 = 3.35 � 0.02 eV, Et2 = 3.56 � 0.02 eV, Et3 = 3.73 � 0.02 eV,
and Et4 = 4.03 � 0.05 eV. The shaded regions in Fig. 2(c)
indicate the range for each stage, while the dashed lines
represent the mean values. To identify the emission character-
istics of the trap states, the dependence of the PL peak
wavelength of the NUVV-QDs on the PLE wavelength is illu-
strated in Fig. 2(f). Notably, the PL peak wavelength also
exhibits four distinct steps, corresponding to the four trap
states. The emission energies of these trap states were

determined by calculating the average energies of the four
components, which are as follows: 2.95 � 0.04 eV, 3.25 �
0.02 eV, 3.56 � 0.01 eV, and 3.73 � 0.01 eV. The shaded regions
in Fig. 2(f) indicate the ranges corresponding to each stage,
while the dashed lines denote the mean values. These four
emission energies demonstrate significant redshifts relative to
the energy levels of the trap states, indicating that electrons in
the trap states transition to trap ground states (Etg) with higher
energies than the SiQD VBM for radiative recombination,
rather than transitioning directly to the SiQD VBM. Therefore,
these four energies can be denoted as Eti-tgi (i = 1, 2, 3, 4).
By calculating the average value of Eti–Eti-tgi, we can derive:
Etg1 = 0.40 � 0.04 eV, Etg2 = 0.31 � 0.03 eV, Etg3 = 0.17 � 0.02 eV,
and Etg4 = 0.30 � 0.05 eV. Additionally, it is noted that the PL
spectra of both QDs nearly disappear when the excitation
energy reaches 4.43 eV (280 nm) (see Fig. S3 and S4). This
phenomenon is attributed to the substantial absorption of
excitation light at 280 nm by toluene, the solvent used. As illu-
strated in Fig. S5, the absorbance of pure toluene at excitation
wavelengths of 280 nm, 285 nm, and 290 nm is measured at
3.55, 0.69, and 0.21, respectively. The absorbance of the SiQD
toluene solution at the same excitation wavelengths is mea-
sured at 4.19, 1.71, and 0.80, respectively. Utilizing the Beer–
Lambert law (with a 1-cm transmission path),78 the transmit-
tance of pure toluene is calculated to be 0.03%, 20.42%, and
61.66%, while that of the SiQD toluene solutions is 0.006%,
1.95%, and 15.85%, respectively. The disparity in transmittance
between pure toluene and SiQD solutions provides a rough
estimation of the light absorption ability of the SiQDs. Notably,
at an excitation wavelength of 280 nm, the transmittance
difference is 0.024%, indicating that SiQDs exhibit negligible
absorption of the excitation light. Conversely, at excitation
wavelengths of 285 nm and 290 nm, the transmittance differ-
ence exceeds 18.47%, indicating substantial absorption of
excitation light by SiQDs, which aligns with the observation
of discernible PL spectra. Based on the preceding discussion,
we propose a potential mechanism for the excitation and
emission of NUVV-QDs (Fig. 2(g)), which is similar to the
mechanism identified for violet-blue emission in SiQDs by
Yang et al.76

As illustrated in Fig. 2(h), the PL decay profiles of both NIR-
QDs and NUVV-QDs were fitted using double and triple expo-
nential functions. Table 1 presents the lifetimes derived from
the fitting, along with the normalized amplitudes. The average
PL lifetime of the NIR-QDs is 68.33 ms, consistent with the
average lifetime of SiQDs exhibiting the S-band emission
(microsecond range) reported in the literature.65,72 This finding
further substantiates that the emission from the NIR-QDs
originates from the indirect transition of G–X. In contrast,

Table 1 PL lifetimes and normalized amplitudes of NIR-QDs and
NUVV-QDs

Sample B1 t1 B2 t2 B3 t3 tave

NIR-QDs 0.60 35.67 ms 0.40 116.59 ms — — 68.33 ms
NUVV-QDs 0.31 3.36 ns 0.21 11.21 ns 0.47 0.62 ns 3.73 ns
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the average PL lifetime of the NUVV-QDs is 3.73 ns, aligning
with the average lifetime of SiQDs with the F-band emission
(nanosecond range) found in the literature.65,72 This result
supports the assertion that the emission from the NUVV-QDs
arises from surface states or defect states rather than from
band transitions. Additionally, the PL spectrum used for mea-
suring the PL lifetime (lex = 317 nm) was decomposed using
Gaussian functions based on the peak positions of the nine
shoulders in the PL spectra, resulting in Fig. S6. The cumulative
fit curve demonstrates a strong alignment with the PL data.
Since the PL wavelength captured during the PL decay measure-
ment is 350 nm (dashed line in Fig. S5), it can be inferred that
the three components of the PL decay correspond to the
subpeaks at 346 nm (component B1), 362 nm (component B2),
and 344 nm (component B3), respectively. All three subpeaks
are attributed to the emissions from the Et3-tg3 processes.
Consequently, the electron, upon being trapped by the Et3 trap
state, relaxes to a lower-energy sub-trap state before undergoing
radiative transition. This relaxation to the lower-energy sub-
trap state requires additional time, which accounts for the
ordering of the PL lifetimes of the three subpeaks.

Fig. 2(i) presents the statistical results of the PLQY for NIR-
QDs and NUVV-QDs, with the error bars representing one
standard deviation. The average PLQY of the NUVV-QDs is
measured at 19.05%, which is a 6.24-fold increase over that
of the NIR-QDs. This enhancement may be attributed to the wet
oxidation treatment, which effectively passivates the dangling

bond defects on the surface of the SiQDs. Notably, multiple
samples of NUVV-QDs were prepared to assess the reproduci-
bility of the synthesis method, as illustrated in Fig. S7. The PL
spectra of these samples exhibited consistent shapes and
comparable PLQYs, confirming the high reproducibility of the
wet oxidation treatment.

3.2. Exclusion of NUVV emission as intrinsic or by-product
emission

According to the literature, the NUVV emission is proposed to
originate from three potential sources: (1) intrinsic emission
from the Si core (o1.53 nm),67,79 (2) surface-related radiative
recombination,24,40,71,72 and (3) the by-product carbon quan-
tum dots (CQDs) formed during the reaction process.68,80 While
the PLE and PL spectra of NUVV-QDs indicate that the NUVV
emission arises from recombination involving trap states intro-
duced by oxides or ligands on the surface of the quantum dots,
it remains essential to exclude scenarios (1) and (3).

Fig. 3(a) and (d) present TEM images of NIR-QDs and NUVV-
QDs. Particle size analysis reveals that the average diameters
(dTEM) of NIR-QDs and NUVV-QDs are 4.78 � 0.16 nm and
4.95 � 0.11 nm, respectively, as illustrated in Fig. 3(c) and (f).
If the NUVV emission originates from the silicon core, the
diameter of the SiQDs would need to be below 1.53 nm,
as determined using the EMA method.66 Moreover, the size
difference between the two quantum dots is less than 0.2 nm,
which is insufficient to account for the transition from NIR to

Fig. 3 (a) TEM images of the NIR-QDs. (b) HR-TEM images of the NIR-QDs (the inset is the zoomed-in view of a QD). (c) Particle size distribution
statistics of the NIR-QDs. (d) TEM images of the NUVV-QDs. (e) HR-TEM images of the NUVV-QDs (the inset is the zoomed-in view of a QD). (f) Particle
size distribution statistics of the NUVV-QDs.
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NUVV emission. Consequently, the possibility that the NUVV
emission represents intrinsic emission can be ruled out.
Fig. 3(b) and (e) present HR-TEM images of NIR-QDs and
NUVV-QDs. Both quantum dots exhibit clear lattice fringes
and possess a d-spacing of 0.31 nm, corresponding to the
(111) plane of the diamond cubic lattice of silicon.81,82 This
finding substantiates that both NIR-QDs and NUVV-QDs are
SiQDs, thereby ruling out the possibility that NUVV-QDs are
CQDs. It is noteworthy that the diameter of the NUVV-QDs
increases by approximately 0.2 nm relative to that of the NIR-
QDs, which may result from the coverage or ligands on the
surface of the SiQDs.

Given that the primary difference between NIR-QDs and
NUVV-QDs lies in the presence or absence of wet oxidation,
the surface coverage responsible for NUVV PL is most likely
SiOx. Additionally, the ligands potentially contributing to the
NUVV PL are hypothesized to include siloxane groups (Si–O–Si),
hydroxyl groups (Si–OH), or ethoxy groups (Si–OC2H5). There-
fore, further characterization is necessary to ascertain which of
these factors is responsible for the NUVV emission. Overall, the
TEM results suggest that the NUVV emission is surface-related.

3.3. Crystalline analysis of SiQDs

The wet oxidation process was performed following HF etching
and prior to hydrosilylation. This sequence enables an accurate
assessment of the presence or absence of SiO2 on the SiQD
surface, as well as the crystalline structure of SiQDs, through
the XRD and Raman patterns of the hydrogen-passivated SiQDs.
Fig. 4 presents the XRD patterns of two types of hydrogen-
passivated SiQDs (after drying under argon or ambient air). The
patterns exhibit diffraction peaks at 281, 471, and 561, which
correspond to the (111), (220), and (311) planes of the diamond
cubic lattice of silicon,45 respectively. The diffraction peaks for
SiO2 were not observed at approximately 221 in the patterns of
both NIR-QDs and NUVV-QDs. It is important to note that the
random bond (RB) model is commonly employed to elucidate
the structure of SiOx.83 The RB model posits that the SiOx

structure consists of a random distribution of Si–Si and Si–O
bonds, which permeate the entire structural network.83

In essence, the RB model suggests that SiOx is amorphous;
thus, the absence of SiO2 diffraction peaks aligns with the
presence of SiOx consistent with the RB model. This indicates
that SiOx may be present, which is consistent with the results
observed in the previously mentioned PL spectra. Additionally,
the crystal sizes (dXRD) of the two types of QDs were calculated
to be 4.77 � 0.48 nm and 4.93 � 0.65 nm, respectively, using
the Scherrer equation.1 These results show excellent agreement
with the dTEM.

Fig. 5(a) and (b) show the Raman spectra of two types
of hydrogen-passivated SiQDs. The literature indicates that
the fitted curves of the Raman spectra for silicon can be
decomposed into amorphous (503–504 cm�1) and crystalline
(512–516 cm�1) components using two Gaussian functions.77

The Raman peaks for crystalline silicon in the NIR-QDs
and NUVV-QDs are located at 515.63 cm�1 and 512.64 cm�1,
respectively, exhibiting significant redshifts relative to the
Raman peak of bulk silicon at 521 cm�1.84 The peak wavenum-
bers of the silicon nanocrystals can be calculated based on the
phonon confinement model:84

o dð Þ ¼ o0 � 47:41 � a

d

� �1:44
(1)

where o0 represents the peak wavenumber of bulk silicon
(521 cm�1), d is the crystal size of the SiQDs (i.e., dXRD), and
a is the lattice constant of crystalline silicon (0.543 nm). Under
consideration of phonon confinement only, the peak wavenum-
bers for crystalline silicon in NIR-QDs and NUVV-QDs are
calculated to be 518.92 cm�1 and 519.02 cm�1, respectively,
which are higher than the experimental values. This discre-
pancy arises because the phonon confinement model assumes
that the surfaces of the silicon nanocrystals are free of ligands
and coverage.84 In reality, the ligands and coverage exert tensile
stresses on the SiQDs, which causes a redshift in the Raman
peak. According to the literature, the tensile stress (s) can be
calculated as follows:84

s ¼ Do
�k (2)

where Do represents the shift relative to the initial peak wave-
number (i.e., phonon-induced peak wavenumber) at ambient
pressure, and k denotes the wavenumber stress factor (k =
�4.27). Fig. 5(c) presents the statistical results of the tensile stress
on the two types of SiQDs. This indicates that there is a higher
density of ligands or coverage (SiOx) on the surface of the NUVV-
QDs, thereby exerting greater tensile stress. Additionally, the crystal-
line fraction (fc) of SiQDs, which reflects the degree of crystallinity
of the SiQDs, can be derived from the integrated intensities of the
crystalline and amorphous silicon components:85

fc ¼
1

1þ g � ðIa=IcÞ
(3)

g = 0.1 + 0.9e�L (4)
Fig. 4 XRD patterns of the hydrogen-passivated SiQDs after drying under
argon and ambient air.
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where Ia is the integrated intensity of the amorphous silicon
component, Ic is the integrated intensity of the crystalline
silicon component, g is the relative Raman cross-section, and
L is the crystal size of silicon (i.e., dXRD). Fig. 5(d) displays the
statistical results of the crystalline fraction of the two types of
SiQDs. It is observed that the fc of the NUVV-QDs is significantly
lower than that of the NIR-QDs, which is attributed to the
amorphization caused by greater tensile stress.72 The results
for fc provide further evidence of the greater tensile stress on
NUVV-QDs, suggesting a higher density of ligands or coverage
(SiOx) on the surface of the NUVV-QDs.

3.4. Surface and defect analysis of SiQDs

The ATR-FTIR spectra of NIR-QDs and NUVV-QDs are shown in
Fig. 6. The observed absorption bands at 3360 cm�1, 2954 cm�1,
2920 (2851) cm�1, 1745–1739 cm�1, 1461–1460 cm�1, 1377 cm�1,
and 720 cm�1 correspond to O–H stretching,86 CH3 stretching,47

CH2 stretching,47 CQO stretching,26,30 CH2 bending,47 CH3

bending,47 and CH bending modes,87 respectively. In addition,
absorption bands at 1263–1249 cm�1, 1190–1189 (1082–
1081) cm�1, 1158–1157 cm�1, 968–967 (849–848) cm�1, and
908 cm�1 are assigned to Si–C stretching,75 Si–O–Si
stretching,74 C–O stretching,88 Si–H bending,37,75 and Si–OH
stretching modes,45 respectively. The locations and normalized
intensities of the various groups are summarized in Table 2 for
comparative analysis.

The intensities of the Si–C, Si–O–Si, Si–H, Si–OH, and C–O
bands for the NIR-QDs are significantly higher than those for
the NUVV-QDs, suggesting that the densities of Si–C, Si–O–Si,
Si–H, Si–OH, and Si–OC2H5 groups on the surface of the NIR-
QDs are substantially greater than those of the NUVV-QDs.
However, this finding indicates that neither Si–O–Si, Si–OH,
nor Si–OC2H5 groups are directly responsible for NUVV emission.

Fig. 5 (a) and (b) Raman spectra of the hydrogen-passivated SiQDs after drying under argon and ambient air. (c) Tensile stress on the surface of the
hydrogen-passivated SiQDs after drying under argon and ambient air. (d) Crystalline fractions of the hydrogen-passivated SiQDs after drying under argon
and ambient air.

Fig. 6 ATR-FTIR spectra of NIR-QDs and NUVV-QDs.
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Additionally, NUVV-QDs exhibit weaker group vibrational inten-
sities in the range of 908 to 1461 cm�1 compared to NIR-QDs,
thereby further excluding the possibility that the NUVV emission
arises from the vibronic structure. According to the literature,40

when the dangling bonds of SiQDs are exposed to ethanol, they
undergo three key processes that result in oxidation: surface
alkoxylation, hydrolysis, and condensation. These processes con-
vert the dangling bonds first to Si–OC2H5, then to Si–OH, and
finally to Si–O–Si groups. Furthermore, since the Si–O bond
exhibits higher stability than the Si–H bond,40,89 it can be inferred
that the Si–H bonds on the SiQDs also react with ethanol to form
Si–OC2H5. This reaction is followed by the formation of Si–OH
groups and subsequently Si–O–Si groups.

DeBenedetti et al. demonstrated that the rate of oxidation
reactions involving ethanol increases under conditions of
higher concentrations of O2 or elevated temperatures.40

In contrast, in the absence of alcohols, the dangling bonds
and Si–H bonds in SiQDs exposed to air can react with oxygen
to form Si–O–Si and Si–OH groups, with Si–OH later converting
into Si–O–Si.90,91 Therefore, it could be expected that the sur-
face of the NUVV-QDs would exhibit a higher density of oxygen-
related groups due to their exposure to air. However, in this
study, the densities of the three groups (i.e., Si–OC2H5, Si–OH,
and Si–O–Si) are higher in NIR-QDs than those in NUVV-QDs,
contrary to expectations. From the above observations, we
suggest the following mechanism for the wet oxidation process:
(1) Dangling bonds and Si–H bonds on the surface of SiQDs
react with ethanol to form Si–OC2H5 groups. (2) Subsequently,
the presence of H2O in air leads to an intense hydrolysis of Si–
OC2H5 groups, resulting in an increased number of Si–OH
groups. At the same time, O2 reacts directly with Si–H bonds,
forming additional Si–OH groups. (3) Ultimately, a significant
number of Si–OH groups condense into the SiOx networks. This
process generates numerous oxygen-related defects due to
incomplete cross-linking or residual Si–OH groups, rather than
forming uniform Si–O–Si groups. Under argon drying condi-
tions, the only source of H2O that can react with Si–OC2H5 is
the residual moisture from the etching solution. Additionally,
the absence of O2 inhibits the conversion of Si–H to Si–OH. As a
result, the density of converted Si–OH groups is significantly
lower than that under air drying conditions. Therefore, the

accelerated group conversion processes under air drying
conditions (RSi�/Si–H 2 Si–OC2H5 - Si–OH - SiOx and
RSi� 2 Si–H - Si–OH - SiOx) account for the lower
densities of dangling bonds, Si–H bonds, and Si–OC2H5,
Si–OH, and Si–O–Si groups in NUVV-QDs. Additionally, during
the hydrosilylation stage, the sites in NUVV-QDs that can be
converted into Si–C groups (Si–H bonds and dangling bonds)
are fewer than those in NIR-QDs, thereby resulting in a reduced
number of potential Si–C groups. Consequently, the NUVV-QDs
after hydrosilylation have a lower density of octadecyl coverage.
It is noteworthy that the carbonyl group (CQO), which is absent
in both ethanol and octadecene, was detected in both types of
QDs. The absorbance of CQO and CH groups is higher in
NUVV-QDs than that in NIR-QDs, suggesting that the CQO
group originates from the oxidation of the CH3 group, which
occurs more intensively under air conditions. This suggests
that NUVV-QDs have undergone more intensive oxidation,
supporting the possibility of SiOx formation, as previously
described. Therefore, it can be inferred that SiOx with oxygen-
related defects on the surface of SiQDs is responsible for the
NUVV emission.

Conventionally, the types of oxygen-related defects in SiOx

include peroxy linkage (POL, i.e., RSi–O–O–SiR), oxygen-
deficient center (ODC(I) or ODC(II), i.e., RSi–SiR or QSi:),
E0 centers (E0, i.e., RSi�), non-bridging oxygen hole center
(NBOHC, i.e., RSi–O(h+)), and self-trapped exciton (STE,
i.e., RSi(e�)� � �(h+)O–SiR).92,93 To assess the types of defects,
EPR measurements were performed on NIR-QDs and NUVV-
QDs, as illustrated in Fig. 7(a). Notably, the E0 features (g1 =
2.0018, g2 = 2.0006, g3 = 2.0003) are absent in the EPR spectra of
the NUVV-QDs,94 indicating the absence of this type of defect.
Additionally, the PL emission energies for POL, ODC(I),
ODC(II), NBOHC, and STE are 3.49 eV,95 2.7 eV,93,96 4.4 eV,93

1.9 eV,93 and 2.3 eV,92 respectively. Comparatively, the PL
emission energies of the NUVV-QDs range from 2.95 eV to
3.73 eV, suggesting that the defect types present in NUVV-QDs
include POL and ODC(I). Therefore, trap states Et1 and Et2 (trap
ground states Etg1 and Etg2) are associated with ODCs(I), while
trap states Et3 and Et4 (trap ground states Etg3 and Etg4) are
linked to POLs. Based on the PLE and PL spectra of NUVV-QDs
(Fig. S3 and S4), the density of POLs is found to be higher than

Table 2 Assignments of the FTIR spectra of NIR-QDs and NUVV-QDs

Wavenumber (cm�1) Assignment

Normalized absorbance

Ref.NIR-QDs NUVV-QDs

3360 O–H stretching 0.018 — 86
2954 CH3 stretching 0.603 0.390 47
2920, 2851 CH2 stretching 1, 0.544 1, 0.620 47
1745–1739 CQO stretching 0.090 0.107 26 and 30
1461–1460 CH2 bending 0.448 0.352 47
1377 CH3 bending 0.343 0.203 47
1263–1249 Si–C stretching 0.108 0.094 75
1190–1189, 1082–1081 Si–O–Si stretching 0.233, 0.237 0.131, 0.130 74
1158–1157 C–O stretching 0.164 0.128 88
968–967, 849–848 Si–H bending 0.184, 0.179 0.131, 0.091 37 and 75
908 Si–OH stretching 0.128 0.081 45
720 CH bending 0.087 0.152 87
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that of ODCs(I). The large tensile stress observed in NUVV-QDs,
derived from Raman results, is consistent with the dominance
of POLs. We suggest that oxygen from the air supplies addi-
tional oxygen atoms for the Si–O–Si groups, resulting in a high
density of POLs. Furthermore, the EPR curves of two types of
QDs exhibit peak-to-valley transition signals near a magnetic
field of 3513 G, corresponding to a g-factor value of 2.004. This
pattern is indicative of dangling bonds (D centers) on the
surface of SiQDs.59 Notably, the EPR signals of the NUVV-QDs
are significantly weaker than those of the NIR-QDs, suggesting
a lower density of dangling bonds on the surface of NUVV-QDs.
By double integrating the EPR spectra of the samples
(i.e., integrating twice to calculate the total spin density) and
using DPPH at a concentration of 10�3 mol L�1 as a reference,
the density of dangling bonds (Adb) on the surface of SiQDs can
be quantitatively calculated,59,97,98 as shown in Fig. 7(b). It is
evident that the average Adb of NUVV-QDs is only half that of
the NIR-QDs, indicating that the wet oxidation treatment
effectively reduces dangling bonds on the surface of SiQDs.
This is attributed to the presence of O2 and H2O, which
facilitates the conversion of more Si–OC2H5 groups and Si–H
bonds into Si–OH groups (RSi�/Si–H 2 Si–OC2H5 - Si–OH
and RSi� 2 Si–H - Si–OH). These groups subsequently
condense to form SiOx networks that contain POLs and

ODCs(I). This transformation implies a reduction in nonradia-
tive recombination and an enhancement of trap-induced emis-
sion, which may explain why NUVV-QDs exhibit a PLQY 6.24
times (Fig. 2(i)) higher than that of NIR-QDs.

3.5. Formation processes and emission mechanisms of
NUVV-emitting SiQDs

Depending on the preceding discussions, we delineate the
formation processes of NIR-QDs and NUVV-QDs, as depicted
in Fig. 8. Upon etching the pyrolysis products with HF, SiQDs
are liberated from the SiO2 matrix. The literature shows that
dangling bonds, Si–H bonds, and Si–OH groups are present on
the surfaces of freshly etched SiQDs.74,75 Subsequently, the drying
atmosphere significantly influences the final surface composition,
resulting in the formation of NIR-QDs and NUVV-QDs through
drying under argon and ambient air, respectively.

The oxidation process during argon drying follows these
steps: (1) The dangling bonds and Si–H bonds on the surface of
SiQDs react with C2H5OH to form Si–OC2H5 groups. (2) The
Si–OC2H5 groups hydrolyze with H2O from the residual etching
solution, resulting in the formation of Si–OH. (3) Adjacent
Si–OH groups condense to generate Si–O–Si groups. Following
hydrosilylation, some Si–H bonds and dangling bonds are
converted into octadecyl groups. Since the dissociation energies
of Si–O and Si–OH bonds (540 kJ mol�1) significantly exceed
those of Si–H (335 kJ mol�1) and Si–C (370 kJ mol�1),89 the
temperature employed for hydrosilylation is unlikely to cleave
Si–O and Si–OH bonds. The oxidation process in ambient air
(15–25 1C, 30–55% RH) unfolds as follows: (1) The reaction
mechanism is the same as that in step (1) during argon drying.
(2) Hydrolysis of the Si–OC2H5 groups with H2O from the air
forms Si–OH groups. Additionally, Si–H groups are oxidized
by O2, thereby producing Si–OH groups. The rate of Si–OH
generation under these conditions is markedly faster than that
observed in argon drying. (3) The rapidly generated Si–OH
groups condense in large quantities, forming SiOx networks
characterized by two oxygen-related defects: POLs and ODCs(I),
rather than simple Si–O–Si groups. Additionally, a small num-
ber of adjacent Si–OH groups also condense to form Si–O–Si
groups. After hydrosilylation, the number of Si–H bonds and
dangling bonds in NUVV-QDs that are effectively converted
into octadecyl groups is smaller than that in NIR-QDs, resulting
in a reduced octadecyl coverage compared to argon drying
conditions.

Overall, wet oxidation primarily relies on ethanol, H2O, and
O2. In the absence of ethanol, only trace amounts of Si–OH
is present on the surface of SiQDs following HF etching.
By contrast, ethanol significantly converts numerous dangling
bonds and Si–H bonds into Si–OC2H5 groups, which deter-
mines the potential number of Si–OH groups generated
through hydrolysis. H2O in the air effectively converts Si–OC2H5

into Si–OH groups, facilitating extensive condensation and the
formation of SiOx networks containing oxygen-related defects.
Additionally, O2 in the air reacts with Si–H to form more Si–OH
groups, while it also supplies sufficient oxygen atoms for the
generation of POLs. Therefore, the alkoxylation induced by

Fig. 7 (a) EPR spectra of the NIR-QDs and NUVV-QDs. (b) Density of
dangling bonds on the surface of the NIR-QDs and NUVV-QDs.
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ethanol serves as the foundation for wet oxidation, while H2O and
O2 act as essential components for the complete progression of
the wet oxidation reaction.

Before analyzing the emission mechanisms of NUVV-QDs, it
is essential to address several key concepts. The NIR emission
originates from the indirect G–X transition, which is attributed
to the intrinsic radiative recombination within the Si core.
We suggest that the single initial NIR radiative state resides
at the CBM, with the bandgap energy determined by the QD
size. The observation of an unshifted PL peak in NIR-QDs
(Fig. S3) supports this hypothesis. Dangling bonds introduce
nonradiative defect states within both the direct G–G and the
indirect G–X bandgaps, enabling the trapped electrons to
release energy by nonradiative recombination. Notably, the
wet oxidation treatment resulted in the formation of SiOx with
two types of oxygen-related defects on the surface of SiQDs,
leading to the introduction of four trap states and four trap
ground states associated with NUVV emission. These trap states
are termed Et1 and Et2 for ODCs(I) and Et3 and Et4 for POLs.
Trap ground states are termed Etg1 and Etg2 for ODCs(I) and Etg3

and Etg4 for POLs. As illustrated in Fig. 9, the emission process
of NUVV-QDs comprises four main stages: (1) Electrons within
the SiQDs absorb UV light, undergoing a direct G–G transition.
(2) A subset of electrons in the CBM of the SiQDs relaxes to
nonradiative trap states introduced by dangling bonds, releas-
ing energy as phonons. Subsequently, they detach from these
trap states and further relax to the VBM, again releasing energy
in the form of phonons. (3) Most excited or quasi-excited state

electrons in proximity to the CBM of the SiQDs are captured by
radiative trap states induced by oxygen-related defects in SiOx.
Additionally, holes at the VBM are captured by the trap ground
states introduced by oxygen-related defects. (4) The trapped
electrons are released from radiative trap states and transition
to the trap ground states, where they recombine with holes,
emitting 2.95–3.73 eV of energy in the form of photons. For
ODC(I) defects, the emitted energies are 2.95 � 0.04 eV (Et1-tg1)
and 3.25 � 0.02 eV (Et2-tg2), while for POL defects, the emitted
energies are 3.56 � 0.01 eV(Et3-tg3) and 3.73 � 0.01 eV

Fig. 8 A schematic diagram of the formation of NIR-QDs and NUVV-QDs.

Fig. 9 A schematic diagram of the emission mechanisms of NUVV-QDs.
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(Et4-tg4). Furthermore, the emission induced by POLs is the
primary contributor, followed by that induced by ODCs(I).
Based on the formation process and the emission mechanism
of NUVV-QDs, the significantly enhanced PLQY compared to
the NIR counterparts can be attributed to two main factors:
(1) The presence of H2O and O2 in air facilitates the complete
progression of the wet oxidation reaction. Specifically, in the
presence of H2O and O2, metastable Si–OC2H5 and Si–H
groups are converted to Si–OH and further condensed to form
stable SiOx networks, thereby avoiding significant nonradiative
recombination caused by the potential degradation of Si–
OC2H5 and Si–H to dangling bonds (RSi�/Si–H 2 Si–OC2H5 -

Si–OH - SiOx; RSi� 2 Si–H - Si–OH - SiOx). (2) Most
excited and quasi-excited electrons are captured by the four
radiative trap states within SiOx, emitting photons as they
transition to the trap ground states. This process significantly
reduces the capture of electrons by nonradiative trap states
associated with the dangling bonds on the surface of SiQDs.

To evaluate the stability of NUVV-QDs, we stored the freshly
prepared sample under ambient conditions (15–25 1C, 30–55%
RH) for 54 days, as illustrated in Fig. S8. As shown in Fig. S8(a),
the air-stored NUVV-QDs maintained a sky-blue color similar to
that of the initial sample under UV light excitation at 365 nm.
Fig. S8(b) presents the normalized 2D PL spectra (normalized
by the maximum intensity in the 2D spectrum) of both the
initial and air-stored samples. The 2D PL spectra of the exposed
sample closely resemble those of the initial sample, without any
additional defect-induced (NBOHC or STE) or intrinsic emis-
sion peaks. This observation indicates that the NUVV emission
induced by POLs and ODCs(I) remains the dominant contri-
butor in the air-stored sample. Furthermore, a relative increase
in the intensity of the excitation light and a relative decrease in the
intensity of the NUVV emission are observed in the air-stored
sample. This change reflects a reduction in the absorption capacity
of the air-stored sample for the excitation light. This suggests that
some of the oxygen-related defects in SiOx have been passivated,
thereby decreasing the density of the radiative trap states. More-
over, the PLQY of the sample decreased from an initial 18.09% to
15.89% after approximately two months of storage in air, further
corroborating the previously observed reduction in the density of
the radiative trapped states. Previous studies suggest that –Si–O–O–
Si– groups exhibit lower stability compared to Si–O–Si,99,100 leading
to a tendency for POLs to decompose into Si–O–Si. Furthermore,
ODCs(I) are prone to oxidation by O2 in air, converting into Si–O–Si.
Therefore, the observed decrease in the PLQY without the

emergence of new emission peaks can be explained by the partial
conversion of POLs and ODCs(I) to Si–O–Si groups. Figs. S8(c) and
(d) present the PLE and PL spectra of the samples before and after
air storage. Analysis shows that the proportion of the trap state Et4

has diminished, confirming the conversion of some POLs to
Si–O–Si groups.

Table 3 summarizes the properties of oxide-related SiQDs in
the emission range of 300 to 500 nm. The SiQDs produced in
this research extend the PL emission peak wavelength of oxide-
related SiQDs into the NUVV region, specifically below 400 nm,
compared to previously reported SiQDs. Furthermore, these
SiQDs exhibit an exceptionally high mean PLQY compared to
oxide-related SiQDs reported to date, highlighting the efficacy
of this facile wet oxidation treatment.

4. Conclusions

We introduce a facile wet oxidation method to obtain NUVV-
emitting SiQDs and reveal their emission mechanism. The
prepared NUVV-QDs have an average diameter of 4.95 nm,
and their F-band emission peaks, located at 332–420 nm, are
blue-shifted by about 500 nm compared to NIR-QDs without
wet oxidation treatment. Notably, the average PLQY of the
NUVV-QDs is 19.05%, marking a significant 6.24-fold improve-
ment compared to that of the NIR-QDs. Using PL, TEM, XRD,
Raman spectroscopy, FTIR, and EPR techniques, we identified
two types of oxygen-related defects in SiOx—POL and
ODC(I)—as the origin of the NUVV emission. We propose that
the wet oxidation reaction (15–25 1C, 30–55% RH) occurs as
follows: (1) the Si–H and dangling bonds are passivated to
Si–OC2H5 groups by ethanol; (2) the Si–OC2H5 groups are
hydrolyzed by H2O in air to form Si–OH groups, while simulta-
neously, the Si–H bonds are oxidized by O2 to generate addi-
tional Si–OH groups; (3) the produced Si–OH groups condense
in large quantities to form SiOx networks. These networks
feature two oxygen-related defects (POL and ODC(I)) rather
than simple Si–O–Si groups. In brief, the alkoxylation induced
by ethanol serves as the foundation for wet oxidation, while
H2O and O2 are indispensable for driving the reaction to
completion.

The emission mechanism for NUVV-QDs involves four dis-
tinct processes: (1) Electrons within the SiQDs absorb UV light,
undergoing a direct G–G transition. (2) A subset of electrons in
the CBM of the SiQDs relaxes to nonradiative trap states

Table 3 Properties of SiQDs in the emission range of 300 to 500 nm associated with silicon oxides in recent years

Year Method Emission source Size (nm) PL peak (nm) Decay time (ns) PLQY (%) Ref.

2010 Co-sputtering Oxygen-related defects 4.50 420 10 — 73
2011 Plasma Oxygen-related defects 4.27 450 — — 74
2011 Laser ablation Oxygen-related defects 2–10 415–435 — — 76
2013 HSQ polymer Siloxane 5.14 488 — — 75
2015 HSQ polymer Oxygen-related defects 6.3 450 4.63–15.86 — 40
2022 Reduction of SiCl4 Siloxane 3.0 400 5 12 72
2024 Reduction of SiBr4 SiOx 5.9 470–480 12 — 77
2024 HSQ polymer Oxygen-related defects 4.95 332–420 3.73 19.05 This study
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introduced by dangling bonds, releasing energy as phonons.
Subsequently, they leave these trap states and further relax to
the VBM, releasing energy once more in the form of phonons.
(3) Most excited or quasi-excited electrons near the CBM of the
SiQDs are captured by radiative trap states induced by oxygen-
related defects in SiOx. Similarly, holes at the VBM are captured
by the trap ground states introduced by oxygen-related defects.
(4) The trapped electrons are released from radiative trap states
and transition to the trap ground states, where they recombine
with holes, emitting 2.95–3.73 eV of energy in the form of
photons. To evaluate the stability of NUVV-QDs, we stored them
in ambient air (15–25 1C, 30–55% RH) for approximately two
months. For the air-stored sample, neither intrinsic emission
nor additional defect-induced emission was observed. Further-
more, the air-stored sample retained 88% of the PLQY of the
initial sample. The reduction in the PLQY results from the
partial conversion of POLs and ODCs to Si–O–Si groups. These
observations indicate that the NUVV-QDs exhibit favorable air
stability. This study expands the PL of SiQDs into the NUVV
region and seeks to overcome the synthetic challenges asso-
ciated with the small particle size (o1.53 nm) required for the
intrinsic NUVV emission. Additionally, it offers profound
insights into the emission mechanisms caused by oxygen-
related defects on the surface of SiQDs.
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