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a b s t r a c t 

The crystalline fraction is a critical parameter for assessing the quality of silicon quantum dots (SiQDs), 

and its enhancement is anticipated to improve the optoelectronic performance of these materials. How- 

ever, achieving a high crystalline fraction in small-sized SiQDs produced through the pyrolysis of hydro- 

gen silsesquioxane (HSQ) polymers remains a significant challenge. In this study, we successfully synthe- 

sized SiQDs with a diameter of 3.24 nm and a crystalline fraction of 98.4% by optimizing the triethoxysi- 

lane (TES)/aqueous hydrochloric acid (HCl) volume ratio during the hydrolysis-condensation process. The 

SiQDs exhibited a photoluminescence (PL) center at 764.1 nm and an average PL quantum yield (PLQY) of 

24.4%. Our findings demonstrate that the TES/aqueous HCl volume ratio significantly influences the pro- 

portion of cage structure and the cross-linking density of the network structure in HSQ polymers, which 

in turn governs SiQD size and crystalline fraction. A high proportion of cage structures in HSQ polymers 

contributes to high crystallinity. Notably, an increased cross-linking density within the network structure 

results in higher and more uniform diffusion barriers. This phenomenon not only hinders the diffusion 

of silicon atoms, which leads to smaller SiQD size, but also facilitates the achievement of high crystalline 

fraction due to uniform diffusion. This work presents a novel approach to achieving high crystallinity in 

small SiQDs, with implications for advanced applications in lighting, display technologies, medical imag- 

ing, and photovoltaics. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Driven by the Sustainable Development Goals (SDGs), scientists 

re dedicated to finding a low-cost and non-toxic luminescent ma- 

erial to replace the rare-earth phosphors widely used today. Sili- 

on (Si), the second most abundant and environmentally friendly 

lement in the earth’s crust, has naturally been considered [ 1 ]. 

owever, bulk silicon with an indirect bandgap only achieves a 

hotoluminescence quantum yield (PLQY) of ∼0.01%, and the pho- 

oluminescence (PL) wavelength is only in the near-infrared (NIR) 

egion ( ∼1100 nm) [ 2 ]. Silicon quantum dots (SiQDs), a form of

i with dimensions comparable to the Bohr radius ( α ) of an ex- 
B 
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iton, have wider bandgaps and quasi-direct transition properties 

ith respect to bulk Si [ 3 , 4 ]. SiQDs have been proven to exhibit PL

n the region of 400–1050 nm and PLQY as high as ∼60% [ 5–10 ].

uch excellent PL properties, coupled with the inherent abundance 

nd non-toxicity of Si, make SiQDs expected to shine in applica- 

ions such as biomedical imaging [ 11 , 12 ], display [ 13–15 ], lighting

 16–18 ], and photovoltaics [ 19 , 20 ]. 

Researchers have developed various physical and chemical 

outes to synthesize SiQDs, including pulsed laser ablation of solid 

i [ 21–26 ], plasma synthesis from silane gas [ 27–29 ], electrochem- 

cal Si wafer etching [ 30–32 ], reduction reactions of halosilanes 

 33–36 ], and thermal pyrolysis of silicon-rich oxide compounds 

 6 , 9 , 37–45 ]. Of these routes, thermal pyrolysis is a facile and ef-

ective way to synthesize SiQDs with high PLQYs. In 2006, as an 

nitial study, Veinot et al. [ 6 ] synthesized SiQDs using pyrolysis 

f hydrogen silsesquioxane (HSQ) and altered the PL wavelength 

red, orange, yellow, and green) by varying the etching time. Sub- 

equent studies on HSQ-derived SiQDs focused on the functional- 
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filled with argon gas. 
zation of the surface ligands, which extended the PL wavelength 

egion to 400–1050 nm and elevated the PLQY to ∼60% in the so- 

ution phase (65% in the solid phase) [ 40 , 45 ]. Despite exciting ad-

ances in HSQ pyrolysis, the high cost of HSQ and the shutdown of 

he largest HSQ supplier have hindered the industrialization pro- 

ess of this method [ 46 , 47 ]. As a low-cost alternative, HSQ poly-

er with a structure similar to HSQ has been proposed. Unlike 

n HSQ purchased directly from a supplier, HSQ polymer is syn- 

hesized by a hydrolysis-condensation reaction with trimethoxysi- 

ane (TMS) or triethoxysilane (TES) [ 4 8 , 4 9 ], thus offering 380 times

ower cost than HSQ [ 44 , 46 , 47 ]. As an initial study using HSQ poly-

er, Pauthe et al. synthesized silicon nanocrystals with diameters 

anging from 5–20 nm by pyrolysis of TES-derived HSQ polymers 

 48 ]. Since then, researchers have conducted extensive synthesis 

nd application studies on the SiQDs synthesized from HSQ poly- 

er [ 5 , 8 , 11–17 , 46 , 49–57 ], such as modulation of the PL wavelength

f SiQDs by altering the pyrolysis temperature [ 5 , 8 , 49–53 ], func-

ionalization of the surface ligands [ 54–56 ], size separation [ 57 ], 

IR biological imaging [ 11 , 12 ], and light-emitting diode (LED) de- 

ice [ 13–17 ]. Nevertheless, the PLQYs of polymer-derived SiQDs are 

enerally lower than those of their HSQ counterparts [ 12 , 40 , 45 , 58 ],

hich is attributed to the structural distinction between HSQ poly- 

er and HSQ. HSQ polymer is a mixture of cage and network 

tructures, and the ratio of the two structures is determined by 

he hydrolysis-condensation reaction conditions [ 46 , 49 ]. 

To the best of our knowledge, up to now, only four studies have 

nvestigated the mechanism of the hydrolysis-condensation reac- 

ion for generating HSQ polymer [ 46 , 49 , 52 , 59 ]. In 2009, Henderson

t al. [ 49 ] found that the cross-linking density of HSQ polymers 

s larger than that of HSQ, which increases the energetic barrier 

or the diffusion of Si atoms through the oxide matrix, resulting 

n the formation of smaller SiQDs. In 2017, Xin et al. [ 52 ] showed

hat varying the reaction conditions of HSiCl3 with water in hex- 

ne can change the network-cage ratio of HSQ polymers, thus con- 

rolling the size of the synthesized SiQDs. In 2020, Terada et al. 

 46 ] indicated that the cross-linking density of HSQ polymers is 

nfluenced by the amount of methanol used during the hydrolysis- 

ondensation reaction. Specifically, higher methanol/water ratios, 

hich correspond to lower cross-linking densities, result in larger 

izes and higher crystallinity of SiQDs. They synthesized SiQDs 

ith sizes of 3.4, 3.6, and 4.6 nm, which correspond to crystalline 

ractions of 27%, 50%, and 54%, respectively [ 46 ]. Recently, Ueda 

t al. [ 59 ] synthesized red-emitting SiQDs with an average diam- 

ter of 2.4 nm and a crystalline fraction of 90% using HSQ poly- 

ers derived from the hydrolysis of HSiCl3 in combination with 

eakly polar solvents as precursors. Owing to the high crystalline 

raction and effective surface passivation, the PLQY of the SiQDs 

eached approximately 80%, establishing a new record for the PLQY 

f SiQDs synthesized via HSQ polymers [ 59 , 60 ]. Although the size

nd crystallinity of SiQDs can be adjusted to some extent by modi- 

ying the synthesis conditions of HSQ polymers, the accompanying 

rystallinity is often compromised when targeting smaller SiQDs 

 1 , 46 ]. To the best of our knowledge, the crystalline fraction of

iQDs below 3.5 nm remains limited to below 92%, indicating sub- 

tantial room for improvement [ 46 , 47 , 59 ]. Enhanced crystallinity 

an contribute to further increasing the PLQY of SiQDs. 

Herein, we present the synthesis of high-crystallinity small 

iQDs by varying the TES/aqueous hydrochloric acid (HCl) ratio 

uring the hydrolysis-condensation process. The HSQ polymers be- 

ore and after pyrolysis were characterized using Fourier trans- 

orm infrared (FTIR) spectroscopy, X-ray diffraction (XRD), Raman 

pectroscopy, X-ray photoelectron spectroscopy (XPS) to obtain the 

ross-linking densities, the percentage of cages and network struc- 

ures, crystal sizes, the crystallinity fractions, the stress on the 

iQDs, and the O/Si ratios. Combining the characterization of SiQDs 

y transmission electron microscopy (TEM) and PL spectroscopy, 
60
e demonstrated that SiQDs can be synthesized from TES-derived 

SQ polymers while maintaining small size characteristics and 

chieving a crystalline fraction close to 100%. Our study sheds light 

n how the HSQ polymer structure affects the size and crystallinity 

f SiQDs, offering a new way to generate high-crystallinity small 

iQDs by pyrolysis reaction. 

. Experimental section 

.1. Materials 

Triethoxysilane (97%), hydrofluoric acid (AR, 48%), 1-octadecene 

GC, ≥ 95%), and 1,3,5-Trimethylbenzene (AR, 97%) were purchased 

rom Macklin. Hydrochloric acid (AR, 37%), ethanol (AR, 99.7%), 

oluene (AR, 99.5%) were purchased from Keshi, a Sichuan local 

ompany. 

.2. Synthesis of SiQDs 

1) Hydrolysis-condensation: 20 mL of TES was loaded into a 

beaker with a magnetic rotor and stirred for 1 h, then 10 mL, 

20 mL, 30 mL, or 40 mL of aqueous HCl (pH = 3) was added,

with a TES/aqueous HCl volume ratio of 2, 1, 0.67, or 0.5, re- 

spectively. Stirring was continued for 10 min until a gel-like 

product was formed. The gel-like product was placed on a hot 

plate, heated at 65 °C for 12 h, then dried at room tempera- 

ture for 24 h to form dry HSQ polymers. The entire hydrolysis- 

condensation process was carried out in a glove box filled with 

argon gas. 

2) Thermal Pyrolysis: The HSQ polymers were placed in a quartz 

boat and fed into a tube furnace heated with a 5% H2 /95% Ar 

atmosphere. Before heating, the tube furnace was first swept at 

room temperature for 30 min, then heated to 300 °C at a rate 

of 5 °C min−1 , then to 600 °C at a rate of 10 °C min−1 , and kept

for 15 min. Finally, the tube furnace was heated to 10 0 0 °C at

a rate of 10 °C min−1 and held for 2 h. The pyrolysis product 

was ground into powder. 

3) HF etching: It is essential to emphasize that hydrofluoric acid 

(HF) utilized in this procedure is highly corrosive and presents 

a significant risk to human safety. Therefore, stringent precau- 

tions must be observed when handling HF. 300 mg of the pow- 

der was added to a polytetrafluoroethylene (PTFE) container 

with 16 mL of HF and 8 mL of ethanol and stirred magneti- 

cally at room temperature for 45 min. Then, the solution was 

centrifuged at 12,0 0 0 rpm for 10 min. The supernatant was 

discarded while the precipitate was kept. The precipitate was 

subsequently dissolved in ethanol and centrifuged at 12,0 0 0 

rpm for 10 min, and the supernatant was discarded again. 

The resulting precipitate was further dried for 12 h to obtain 

hydrogen-passivated SiQD powder. The entire etching process 

was carried out in a glove box filled with argon gas. 

4) Hydrosilylation: The hydrogen-passivated SiQDs powder was 

added to a three-necked flask containing 18 mL of 1-octadecene 

and 18 mL of mesitylene, and heated for 16 h in an oil bath 

at 130 °C. The color of the solution changed from colorless to 

orange-yellow. When the solution was cooled to room temper- 

ature, 30 mL of ethanol was added, producing a turbid solution 

instantly. The yellow turbid solution was centrifuged at 12,0 0 0 

rpm for 20 min, and the supernatant was discarded. The precip- 

itate was then mixed with 25% toluene/75% ethanol and cen- 

trifuged at 12,0 0 0 rpm for 5 min when the supernatant was 

discarded. The precipitate was dried for 12 h and dispersed into 

toluene to obtain an octadecyl-passivated SiQD solution. The 

entire hydrosilylation process was carried out in a glove box 
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Fig. 1. Schematic diagram of the hydrolysis-condensation reaction of TES. 
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.3. Characterization 

FTIR spectra were recorded on a Nicolet Is5 spectrometer 

Thermo Fisher Scientific) using the attenuated total reflection 

odule with a resolution of 0.48 cm−1 . XRD patterns were col- 

ected using an Ultima IV diffractometer (Rigaku) with CuKa ra- 

iation and a resolution of 5 ° min−1 . Raman scattering measure- 

ents were performed using a DXR3 Raman spectrometer (Thermo 

cientific) equipped with a confocal microscope; The excitation 

avelength and spectral resolution of Raman scattering spectra for 

yrolysis products (freestanding octadecyl-passivated SiQDs) were 

32 nm (633 nm) and 0.4821 cm−1 ; The diameter of the laser 

pot was 2 μm, the laser power was 1.5 mW and the integra- 

ion time was 30 s. For the Raman measurement of freestanding 

iQDs, a dispersion of SiQDs in toluene (2 mg mL−1 ) was deposited 

nto a stainless-steel plate to create a film that serves as a sample 

or Raman spectroscopy measurements. XPS measurements were 

erformed on an Escalab 250Xi XPS system (Thermo Fisher Sci- 

ntific) using a monochromated Al Ka X-ray source ( hv = 1486.6 

V). The background pressure of the analysis chamber is lower 

han 8 × 10–10 mbar and that of the sample chamber is lower 

han 2 × 10–8 mbar in standby mode. To remove carbon and oxide 

ontamination from the surface, the samples were subjected to 4 

eV Ar+ ion sputtering for 30 s. TEM, high-resolution transmission 

lectron microscopy (HR-TEM), and selected area electron diffrac- 

ion (SAED) measurements were performed with a Talos F200S G2 

Thermo Fisher Scientific), operating at an acceleration voltage of 

00 kV. Ultraviolet and visible absorption spectra (UV–Vis) were 

easured with a Shimadzu UV 3600 spectrophotometer equipped 

ith an integrating sphere. PL spectra and PLQYs were determined 

n a Fluorolog-3 spectrofluorometer (Horiba Scientific) with an 

ntegrating sphere (IS80, Labsphere) and a 450 W Xenon Lamp 

s the excitation source ( λex = 330 nm for PLQY measurement) 

nd a CCD (SYNAPSE) as the detector. PL decay lifetimes were 
61
easured on a Fluorolog-3 spectrofluorometer (Horiba Scientific) 

ith a SpectraLED (355 nm, S-355) as the excitation source and 

 picosecond photon detection module (PPD-850) as the detector 

 λem 

= 750 nm). 

. Results and discussions 

As shown in Fig. 1 , TES reacts with aqueous HCl in a hydrolysis-

ondensation process, which includes two steps. The hydroly- 

is reaction yields four types of HSQ polymers, in which only 

ype 1 can serve as a silicon source for the subsequent reac- 

ions to generate SiQDs. The condensation reaction condenses 

wo Si–OH groups into a Si–O–Si group, resulting in the forma- 

ion of H2 O as a byproduct and polymers with cage or network 

tructures [ 44 , 49 ]. 

In this work, we focus on the role of the TES/aqueous HCl vol- 

me ratio in the hydrolysis-condensation reaction on the forma- 

ion of SiQDs. Four cases were considered. The volume ratios for 

he four cases, stated in order, are 2, 1, 0.67, and 0.5, correspond- 

ng to series 1, series 2, series 3, and series 4, respectively, as pre- 

ented in Table 1 . Fig. 2 (a, b) shows the FTIR spectra of the HSQ

olymers and pyrolysis products. It is observed that the HSQ poly- 

ers have three bands of 70 0–90 0 cm−1 , 90 0–130 0 cm−1 , and

250 cm−1 , which are attributed to the H–Si–O bending mode, 

i–O–Si stretching mode, and H–Si stretching mode, respectively. 

he FTIR spectra of the HSQ polymers are in good agreement with 

hose previously reported in the literature [ 12 , 49 , 52 , 61 ]. The ab-

ence of the Si–H bands in the spectra of the pyrolysis prod- 

cts and the substantial reduction in the intensity of the H–Si–O 

ands indicate that group 1 in the HSQ polymers has been suf- 

ciently converted to SiQDs. As shown in the insets of Fig. 2 (a), 

SQ polymers in series 1–3 appear as transparent, lumpy icing 

ugar, whereas those in series 4 present as a pure white fine pow- 

er. Fig. 2 (c–f) shows the local zoom-in of the FTIR spectra of the 



Y. He, Q. Hao, X. Yang et al. Journal of Materials Science & Technology 219 (2025) 59–74

Fig. 2. (a–f) FTIR spectra of HSQ polymers and pyrolysis products of series 1–4 and their local magnified images; (g, h) Box plots of the percentage of the cage and network 

structures in the HSQ polymers (solid lines within the boxes represent the median, while dashed lines indicate the mean); (i) Box plots of the ratio of the integrated areas 

of the Si–O–Si bands to the H–Si bands in the HSQ polymers. 
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eries 1–4 HSQ polymers at 90 0–130 0 cm−1 . The Si–O–Si bands 

re fitted to two sub-bands with peaks at 1040–1060 cm−1 and 

110–1140 cm−1 by Gaussian function, which are assigned to the 

etwork and cage structures, respectively [ 46 , 49 ]. The raw data 

ith the baselines fitted by cubic function, which agrees with the 

ethodology reported in the literature [ 46 ]. The percentage of the 

etwork and cage structures in the HSQ polymers can be obtained 

sing the relative integrated intensity of the two sub-bands, as 

hown in Fig. 2 (g, h) and Table 1 . It is important to note that

he solid line in the box plot represents the median, while the 

ashed line signifies the mean; this convention is consistent in 

he subsequent box plot. As the TES/H2 O volume ratio decreases 

rom series 1 to series 4, the average percentage of cage struc- 

ures in HSQ polymers rises from 46.0% to 56.7%. Conversely, the 

verage percentage of network structures declines from 54.0% to 
Table 1 

Synthesis conditions and FTIR analysis results of the TES-d

Series TES (mL) H2 O (mL) TES/ H2 O volume rat

1 20 10 2.00 

2 20 20 1.00 

3 20 30 0.67 

4 20 40 0.50 

62
3.3%. This observed phenomenon, where increased aqueous HCl 

ontent correlates with a higher percentage of cage structures, di- 

erges from findings reported in the literature [ 46 ]. The discrep- 

ncy arises because the literature examines the reaction of HSiCl3 

n conjunction with methanol and water, while our study employs 

 direct mixture of TES and aqueous HCl, leading to differences 

n the extent and rate of hydrolysis and condensation. Fig. 2 (i) 

nd Table 1 show the ratios of the integrated areas of the Si–O–

i bands and the H–Si bands. The Si–O–Si/Si–H area ratio of HSQ 

olymers increases as the TES/H2 O volume ratio decreases, indi- 

ating a higher cross-linking density [ 46 ]. In the pyrolysis reaction, 

levated cross-linking density results in a greater energetic barrier 

or the diffusion of silicon atoms within the matrix, leading to the 

ormation of smaller SiQDs in the pyrolysis products [ 46 , 49 ]. Fur-

hermore, the observation that increased aqueous HCl content cor- 
erived HSQ polymers. 

io Network (%) Cage (%) Si–O–Si/H–Si 

54.0 ± 0.9 46.0 ± 0.9 12.7 ± 0.6 

52.5 ± 1.4 47.5 ± 1.4 13.9 ± 1.0 

48.5 ± 1.5 51.5 ± 1.4 15.0 ± 0.4 

43.3 ± 1.1 56.7 ± 1.1 16.4 ± 1.0 
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elates with a higher Si–O–Si/Si–H area ratio aligns with findings 

eported in the literature [ 46 ]. 

Fig. 3 (a, b) shows the XRD patterns of the HSQ polymers and 

yrolysis products. The broad diffraction peaks at ∼23 ° in the HSQ 

olymers are associated with HSiO1.5 [ 12 ]. The broad diffraction 

eaks at ∼21 ° in the pyrolysis products are assigned to amorphous 

iO2 [ 12 , 46 ], and the diffraction peaks at 28 °, 47 °, and 56 ° corre-

pond to the (111), (220), and (311) crystal planes of the crystalline 

ilicon, respectively [ 12 , 46 ]. It can be seen that the HSQ polymers

re converted from HSiO1.5 to amorphous SiO2 and crystalline sili- 

on after the pyrolysis reaction. Moreover, the diffraction peaks of 

rystalline silicon in the series 4 pyrolysis product show weaker 

ntensity and broader peak width, which may derive from smaller 

ize or worse crystallinity. Following the methodology presented 

n the literature [ 46 ], we subtracted the amorphous SiO2 compo- 

ent from the XRD patterns of the pyrolysis products, resulting in 

ig. 3 (c). Using the Scherrer equation [ 37 ], the dimensions of SiQDs

ithin the matrix can be approximately estimated. To enhance the 

ccuracy of the crystal size determination, a statistical analysis was 

onducted, as illustrated in Fig. 3 (d). The average crystal sizes of 

iQDs in the pyrolysis products for series 1–4 are 4.76 ± 0.46 nm, 

.30 ± 0.32 nm, 4.08 ± 0.44 nm, and 2.77 ± 0.37 nm, respectively. 

his gradual decrease in SiQD size is attributed to the higher cross- 

inking densities, which impede the diffusion and aggregation of 

ilicon atoms. 

Fig. 4 (a, b) shows the Raman spectra of the HSQ polymers and 

yrolysis products. It can be seen that the Raman characteristic 

eak of silicon located at 450–530 cm−1 is absent in the spec- 

ra of HSQ polymers. In contrast, the spectra of pyrolysis prod- 

cts show the existence of Raman peaks of silicon, which indi- 

ates that silicon is formed after the pyrolysis reaction. Fig. 4 (c–f) 
a  

ig. 3. (a, b) XRD patterns of HSQ polymers and pyrolysis products of series 1−4; (c) XRD

the light and dark red curves represent the raw data and the fitted curves, respectively

quation); (d) Box plots of crystal size of SiQDs in the pyrolysis products. 

63
resents enlarged views of the Raman spectra of pyrolysis prod- 

cts, specifically within the range of 40 0–60 0 cm−1 . According to 

xisting literature [ 46 , 47 , 62 ], the Raman peak of silicon can be de-

omposed into two Gaussian peaks. Specifically, this is character- 

zed by a broad peak approximately at 500 cm−¹ and a sharp peak 

bserved between 510 and 518 cm−1 , which correspond to the 

morphous and crystalline silicon fractions, respectively. It is an 

ffective method to evaluate the crystallinity of silicon using the 

rystalline fraction, which is obtained by calculating the integral 

rea of silicon and amorphous silicon, as shown in the following 

quation [ 63 ]: 

fc = 1 

1 + γ I
γ
a 

(1) 

Where Ia 
γ represents the relative integrated intensity of the Ra- 

an band of amorphous silicon, which is equal to the integrated 

rea of the amorphous part ( Ia ) divided by that of the crystalline 

art ( Ic ); γ represents the relative Raman cross-section, which is 

ypically associated with the size of crystalline silicon [ 47 , 62–64 ]. 

evertheless, some researchers have employed a size-independent 

to calculate the crystalline fraction of SiQDs [ 46 , 65 ]. To facil-

tate a more effective comparison of the crystalline fractions of 

iQDs with those reported in the literature, we utilized three dif- 

erent γ criteria, referred to as fc1 [ 64 ], fc2 [ 63 ], and fc3 [ 46 ], re-

pectively. As illustrated in Fig. 4 (c–f), all three crystalline fractions 

ncrease as the TES/H2 O volume ratio decreases. Notably, series 4 

xhibits a crystalline fraction exceeding 90% across all three crite- 

ia, indicating its superior quality. Additionally, we examined the 

aman spectra of octadecyl-passivated freestanding SiQDs derived 

rom the pyrolysis products following etching and hydrosilylation, 

s shown in Fig. 4 (g, h). Based on the trends observed in the py-
 patterns of the pyrolysis products with subtracted amorphous silica compositions 

. The crystal sizes of the SiQDs for series 1–4 were calculated using the Scherrer 
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Fig. 4. (a, b) Raman spectra of HSQ polymers and pyrolysis products of series 1−4; (c–f) Enlarged views of the Raman spectra of the pyrolysis products; (g, h) Enlarged 

views of the Raman spectra of the octadecyl-passivated SiQDs in toluene. 

64
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Table 2 

XRD and Raman analysis results of SiQDs in pyrolysis products/toluene. 

Series 

Crystal size, 

dXRD (nm) 

Relative 

Raman intensity, 

Ia / Ic 

Crystalline fraction ωTheo 

(cm−1 ) ωExp (cm−1 ) 

Phonon 

induced 

�ω (cm−1 ) 

Stress- 

induced �ω 

(cm−1 ) 
Stress (GPa) 

fc1 (%) fc2 (%) fc3 (%) 

1 4.76 ± 0.46 0.66 ± 0.11 

(0.056 ± 0.004) 

62.1 ± 3.9 

(95.0 ± 0.3) 

93.7 ± 1.1 

(99.4 ± 0.03) 

66.9 ± 3.6 

(95.9 ± 0.3) 

518.9 ± 0.3 512.0 ± 1.3 

(517.6 ± 0.1) 

−2.1 ± 0.3 −6.8 ± 1.3 

(−1.2 ± 0.3) 

1.6 ± 0.3 

(0.3 ± 0.1) 

2 4.30 ± 0.32 0.57 ± 0.08 65.4 ± 3.2 94.4 ± 0.8 70.3 ± 2.9 518.6 ± 0.3 512.7 ± 2.3 −2.4 ± 0.3 −5.9 ± 2.6 1.4 ± 0.6 

3 4.08 ± 0.44 0.38 ± 0.04 73.4 ± 1.9 95.9 ± 0.3 77.8 ± 1.9 518.3 ± 0.4 512.3 ± 0.9 −2.7 ± 0.4 −5.9 ± 0.9 1.4 ± 0.2 

4 2.77 ± 0.37 0.10 ± 0.02 

(0.031 ± 0.010) 

90.7 ± 1.6 

(97.0 ± 0.9) 

98.4 ± 0.2 

(99.5 ± 0.1) 

92.9 ± 1.3 

(97.7 ± 0.7) 

515.9 ± 0.9 517.9 ± 1.1 

(517.5 ± 0.1) 

−5.1 ± 0.9 2.0 ± 1.8 

(1.5 ± 0.9) 

−0.5 ± 0.4 

(−0.4 ± 0.2) 

∗The results for freestanding octadecyl-passivated SiQDs, which include only series 1 and series 4, are presented in parentheses. 
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olysis products, only the most extreme series 1 and 4 were se- 

ected for comparison. The results demonstrate that the crystalline 

raction of both series 1 and series 4 SiQDs is significantly higher 

ompared to when they are embedded in a SiO2 matrix, particu- 

arly for series 1. Veinot’s group [ 66 , 67 ] has shown that the pris-

ine SiQDs possess a core-shell structure, with an amorphous sili- 

on shell surrounding a crystalline silicon core. This suggests that 

he amorphous silicon on the surface of the freestanding SiQDs, 

iberated from the SiO2 matrix, is etched by HF during the etching 

rocess, resulting in the formation of dioxonium hexafluorosilicate 

 12 ]. Consequently, the higher crystalline fractions observed in the 

wo series of octadecyl-passivated SiQDs can be attributed to the 

emoval of amorphous silicon from the SiQD surface. Furthermore, 

t is noteworthy that series 4 passivated SiQDs exhibit a higher 

rystalline fraction compared to series 1 passivated SiQDs, which 

ligns with the trend observed in their pyrolysis counterparts, sug- 

esting that the interior of series 4 SiQDs retains a greater crys- 

alline character. 

To assess reproducibility, the crystalline fractions of pyrolysis 

roducts from series 1 to 4 were statistically analyzed, as illus- 

rated in Fig. 5 (a–c) and Table 2 . Notably, for all three γ -criteria

 46 , 63 , 64 ], significant increases in the crystallinity of SiQDs in

he pyrolysis products were observed with decreasing TES/H2 O 

olume ratios. To date, the highest recorded crystalline fraction 

54%) of SiQDs in pyrolysis products was reported by Saitow’s 
ig. 5. (a–c) Box plots of crystalline fractions corresponding to the three γ -criteria for SiQ

o the three γ -criteria for the octadecyl-passivated SiQDs in toluene. 

65
roup [ 46 ]. As shown in Fig. 5 (c), the crystalline fractions of 

iQDs across the four series of pyrolysis products we prepared 

arkedly exceeded this value. Furthermore, statistical analyses of 

he octadecyl-passivated SiQDs were conducted, as depicted in 

ig. 5 (d–f) and Table 2 . It is clear that the crystalline fraction

f series 4 consistently surpasses that of series 1, aligning with 

he trend in the pyrolysis products. Notably, to our knowledge, 

he highest crystalline fraction (92%) for freestanding SiQDs was 

lso reported by Saitow et al. [ 47 , 62 ]. Fig. 5 (e) indicates that the

rystalline fractions of the freestanding SiQDs we prepared signif- 

cantly exceed previously recorded values. However, as previously 

iscussed, this high crystalline fraction primarily results from the 

emoval of amorphous silicon from the surface of the SiQDs and 

oes not accurately represent the degree of crystalline of the pris- 

ine SiQDs. Therefore, it is advisable to prioritize the crystalline 

raction of SiQDs in the pyrolysis products, as it more reliably re- 

ects the intrinsic crystallinity of the SiQDs. 

In addition to the crystalline fraction, changes in the position 

f the Raman peak are noteworthy. Generally, the Raman peak po- 

ition associated with phonon confinement for SiQDs is calculated 

sing the following equation [ 47 , 68 ]: 

(
d
)

= ω0 − A

(
a 

d 

)γ

(2) 
Ds in the pyrolysis products; (d–f) Box plots of crystalline fractions corresponding 
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Fig. 6. (a) Crystalline silicon peaks of SiQDs. The blue-purple dashed line indicates the peak position of crystalline silicon wafer, and the red dashed line represents the 

peak position caused by phonon confinement effects; (b) Theoretical and experimental Raman shifts of the crystalline silicon peaks. The shaded areas represent the range 

of standard deviations; (c) Raman shift variations of the crystalline silicon peaks in SiQDs caused by phonon confinement effects and stress on SiQDs; (d) Stress existed on 

SiQDs. Positive and negative stresses indicate tensile and compressive stresses, corresponding to the red-white and green-white regions, respectively. 
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Where ωn represents the Raman peak position of bulk silicon 

521 cm–1 ), A and γ are constants defining phonon confinement 

47.41 and 1.44, respectively), a denotes the lattice constant of 

rystalline silicon (0.543 nm), and d signifies the diameter of SiQDs 

in nm) [ 47 , 68 ]. By substituting the crystal sizes of SiQDs, calcu-

ated via the aforementioned Scherrer equation, into Eq. (2) , the 

eak positions of phonon confinement-induced SiQDs can be de- 

ermined. Consequently, the theoretical and experimental Raman 

eak positions of crystalline silicon are illustrated in Fig. 6 (a). Fur- 

hermore, the peak positions underwent statistical analysis, with 

he error bars and the area enclosed by the dashed line repre- 

enting the range of one standard deviation. As shown in Fig. 6 (b) 

nd Table 2 , the peak positions corresponding to phonon confine- 

ent for series 1–4 SiQDs are, in order, 518.9 ± 0.3 cm−1 , 518.6 ±
.3 cm−1 , 518.3 ± 0.4 cm−1 , and 515.9 ± 0.9 cm−1 . In contrast, the 

eak positions of SiQDs in pyrolysis products are 512.0 ± 1.3 cm−1 , 

12.7 ± 2.3 cm−1 , 512.3 ± 0.9 cm−1 , and 517.9 ± 1.1 cm−1 . The Ra- 

an peak positions of the freestanding SiQDs in toluene are 517.6 

0.1 cm−1 (series 1) and 517.5 ± 0.1 cm−1 (series 4). It is evident 

hat, relative to the theoretical values, the experimental values ex- 

ibit significant redshifts or blueshifts, as demonstrated in Fig. 6 (c) 

nd Table 2 . According to previous studies, this shift arises from 

he stresses that existed on the SiQDs, which can be calculated as 
e

66
ollows [ 47 ]: 

ω = −κσ (3) 

Where �ω represents the shift value (changed ω minus initial 

) of the Raman peak under ambient pressure, κ is the wave num- 

er stress factor (4.27 for SiQDs) [ 47 ], and the positive and negative

alues of the stress correspond to tensile and compressive stresses, 

espectively. The calculated stresses on the SiQDs are presented in 

ig. 6 (d) and Table 2 . The Raman peak positions of crystalline sil-

con for series 1–3 pyrolysis products exhibit a significant redshift 

elative to theoretical values, attributed to the tensile stress im- 

osed on the SiQDs by the siloxane network on their surfaces [ 58 ].

onversely, the crystalline silicon Raman peak positions of series 

 pyrolysis products show a notable blueshift relative to theoret- 

cal values, resulting from an increase in compression induced by 

he SiO2 matrix due to the reduction in SiQD size [ 63 ]. Studies in-

icate that this matrix-induced compressive stress is 0 GPa when 

he crystal size of the nanocrystalline silicon within the matrix is 

reater than or equal to 4 nm [ 63 ]. In contrast, when the crystal

ize is smaller than 4 nm, the compressive stress significantly in- 

reases with size reduction. Given that the crystal sizes of series 

–3 pyrolysis products are all larger than 4 nm, they should not 

xperience compressive stress. For the SiQDs in series 4 pyrolysis 
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Fig. 7. (a) Atomic ratio of O to Si for the HSQ polymers; (b) Proportion of groups 3 and 4 in the HSQ polymers; (c) Atomic ratio of O to Si for the pyrolysis products; (d) 

Proportion of group 1 terminated with path 1. 
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roducts, which have an average crystal size of 2.77 ± 0.37 nm, 

he calculated average stress is −0.47 GPa, comparable to the com- 

ressive stress experienced by nanocrystalline silica matrices with 

 size of 2.6 nm in the literature (−0.3 GPa) [ 63 ]. Additionally, the

aman peak position of crystalline silicon for series 1 freestanding 

iQDs in toluene exhibits a small redshift relative to the theoretical 

alue but a significant blueshift compared to its pyrolytic counter- 

art. This shift is attributed to the removal of the siloxane network 

uring the etching process, although tensile stresses remain due to 

he presence of octadecyl groups. The Raman peak position of crys- 

alline Si for series 4 reveals a small blueshift relative to the the- 

retical value but a redshift compared to its pyrolytic counterpart, 

ttributed to the tensile stress from the octadecyl group. Notably, 

he compressive stress generated by the SiO2 matrix persists even 

fter removal by HF, suggesting that this compression induces ir- 

eversible changes in the Si–Si bonds. Furthermore, the retention 

f compressive stress helps prevent the amorphization of the SiQD 

urfaces caused by the tensile stress of the ligand by counteracting 

art of the effects of this tensile stress. 

Figs. S1 and S2 in Supplementary materials present the high- 

esolution XPS Si 2p spectra of the HSQ polymer and the pyroly- 

is products. Notably, the intensity of the Si0 + sub-peak in series 

 pyrolysis product is significantly weaker than that of series 1–

, which may be attributed to the smaller size of series 4 SiQDs, 
p

67
esulting in a higher surface-to-volume ratio [ 1 ]. Fig. 7 (a, c) illus-

rates the atomic ratio of O to Si for the HSQ polymers and pyrol- 

sis products, derived from the Si 2p and O 1s spectra shown in 

igs. S1 and S2. It is important to note that the error bars repre- 

ent a range of standard deviations. For HSQ polymers, a compo- 

ition with an O/Si ratio of 1.5 indicates the presence of exclusive 

roups 1−2. An O/Si ratio of 2 signifies a composition comprising 

olely groups 3–4. Given that the O/Si ratios for series 1 through 4 

SQ polymers range from 1.54 to 1.62, it follows that none of these 

olymers consist solely of groups 1–2 or 3–4. Instead, they con- 

ain a combination of groups 1–4 (i.e., [HSiO1.5 ]a [HSiO1.5 (C2 H5 )n ]b 

SiO2 ]c [SiO2 (C2 H5 )m 

]d ). Therefore, the O/Si ratio can be utilized to 

etermine the proportion of groups 3–4 in HSQ polymers, as illus- 

rated in Fig. 7 (b) and Table 3 . The average percentage of groups 

–4 in the HSQ polymers increases from 8.3% to 23.9% as the 

ES/H2 O volume ratio decreases, indicating an increase in cross- 

inking density. This finding further corroborates the observation 

hat HSQ polymers synthesized at lower TES/H2 O volume ratios ex- 

ibit higher cross-linking densities, as determined by FTIR spectra. 

he successive reaction of the pyrolysis process is shown below: 

HSi O1 . 5 
Path 1 → Si H4 ↑ +3Si O2 

Path 2 → Si + 3Si O2 +2 H2 ↑ (4) 

If HSiO1.5 (i.e., group 1) had only terminated the reaction in 

ath 2, SiO and Si would be formed, and the O/Si ratios of the 
2 
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Table 3 

XPS analysis results of HSQ polymers and pyrolysis products. 

Series 

O/Si ratio in HSQ 

polymers 

Proportion of groups 3–4 in 

HSQ polymers (%) 

O/Si ratio in 

pyrolysis products 

Proportion of group 1 

terminated with path 1 (%) 

1 1.54 ± 0.02 8.3 ± 4.1 1.65 ± 0.04 18.3 ± 6.5 

2 1.57 ± 0.02 14.2 ± 3.5 1.75 ± 0.03 35.8 ± 6.0 

3 1.61 ± 0.01 22.7 ± 2.0 1.76 ± 0.02 30.9 ± 3.9 

4 1.62 ± 0.02 23.9 ± 3.2 1.82 ± 0.06 37.0 ± 9.1 

Fig. 8. (a–c) TEM image, HR-TEM image, and SAED pattern of the series 1 SiQDs; (d–f) TEM image, HR-TEM image, and SAED pattern of the series 4 SiQDs. 
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yrolysis products should be the same (O/Si = 1.5) as it was be- 

ore pyrolysis. However, the O/Si ratios of the pyrolysis products 

ncreased with respect to the HSQ polymers, implying that partial 

SiO1.5 takes path 1 as the reaction termination. This is because 

hen this path is taken as the reaction termination, the decom- 

osed SiH4 escapes from the matrix (O/Si = 2 in pyrolysis prod- 

cts) rather than decomposing into Si and H2 (O/Si = 1.5 in py- 

olysis products), which finally leads to increases in the O/Si ra- 

ios. Therefore, the increases in the percentages of O/Si = 2 for 

he pyrolysis products with respect to their HSQ polymers are con- 

ributed only by the portion of the HSQ polymers in which group 

 terminates in path 1. As shown in Fig. 7 (d) and Table 3 , the av-

rage percentages of O/Si = 2 for series 1–4 pyrolysis products are 

ncreased by 18.3%, 35.8%, 30.9%, and 37.0% compared to series 1–

 HSQ polymers, indicating that a higher percentage of group 1 

n series 4 terminates the reaction in path 1. This is because the 

igher cross-linking density in series 4 hinders the diffusion of 

ilicon atoms and thus prevents them from aggregating to form 

iQDs [ 46 , 49 , 52 ]. The undiffused silicon atoms return to SH4 form

y combining with H2 and eventually escape from the matrix. In 

ther words, the escape of SiH4 (terminated with path 1) and the 

iffusion of Si atoms (terminated with path 2) are competitive pro- 

esses. The former leads to a size decrease of SiQDs, while the lat- 

er leads to a size increase of SiQDs. Therefore, we conclude that 

arge/small cross-link density makes the pyrolysis of group 1 more 

ikely to terminate with path 1/2. 

To optimize labor and resource utilization, subsequent char- 

cterizations, including TEM and PL, were conducted exclusively 

n the two most representative extremes: series 1 and series 4. 

ig. 8 (a, d) presents the TEM images of series 1 and series 4 SiQDs,

long with the corresponding frequency distributions of SiQD sizes. 

he average sizes were observed to be 5.35 ± 0.10 nm for se- 
68
ies 1 and 3.24 ± 0.07 nm for series 4. The significantly smaller 

ize of series 4 SiQDs compared to series 1 supports the predic- 

ions regarding SiQD sizes derived from the FTIR, XRD, and XPS 

nalyses previously described. Furthermore, the average sizes of 

iQDs obtained from TEM images are slightly larger than those 

erived from XRD patterns, with series 1 measuring 4.76 ± 0.46 

m and series 4 measuring 2.77 ± 0.37 nm. This discrepancy is 

ttributed to the presence of ligands, dangling bonds, and sili- 

on oxide on the surfaces of freestanding SiQDs [ 47 , 62 ], as well

s the fact that the Scherrer equation does not account for stress 

ffects [ 46 , 69 , 70 ], which together result in a larger average size

f SiQDs derived from TEM compared to those derived from XRD 

xperiments. HR-TEM images of the series 1 and series 4 SiQDs 

re shown in Fig. 8 (b, e), where the white dash circles highlight 

he SiQDs. The inset shows localized zoom-in of the corresponding 

iQDs, and the lattice fringes can be easily observed. The lattice 

pacings of the series 1 and series 4 SiQDs both are 0.31 nm, in 

ine with the d -spacing of the (111) plane of the diamond cubic 

attice of silicon [ 13 ]. Fig. 8 (c, f) shows the SAED patterns of SiQDs

ith the selected areas taken from the TEM images of Fig. 8 (a, d).

he SAED patterns show three diffraction rings corresponding to 

he (111), (220), and (311) planes of the diamond cubic crystalline 

f silicon, which is consistent with the analysis of the XRD pat- 

erns. The SAED patterns show typical polycrystalline characteris- 

ics, which aligns with the literature [ 13 , 71 ]. The diffraction rings

f series 4 are weaker than those of series 1, which can be at- 

ributed to the lower proportion of series 1 SiQDs within the elec- 

ron diffraction area, rather than a lower crystallinity of series 4 

elative to series 1. This interpretation is supported by the XRD and 

aman results discussed above. 

Fig. 9 (a, b) shows the two-dimensional PL spectra of the se- 

ies 1 and 4 SiQDs, where the x -axis, y -axis, and z -axis represent
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Fig. 9. (a, b) Two-dimensional PL spectra of SiQDs of series 1 and 4; (c, d) PLE, PL, UV–Vis absorption spectra of SiQDs of series 1 and 4. The insets show photographs of 

SiQDs of series 1 and 4 under ambient light and UV light of 365 nm; (e) PL decay profiles for SiQDs of series 1 and 4 ( λex = 355 nm, λem = 750 nm); (f) Relationship 

between the size and bandgap energy of SiQDs in our work and in the previous literature. The red curve represents the function of the EMA method. 
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he emission wavelength, excitation wavelength, and PL intensity, 

espectively. Significant differences can be seen between the two 

pectra. The PL and PLE peak wavelengths of series 4 are signifi- 

antly blue-shifted compared to those of series 1, suggesting that 

he size of the SiQDs in series 4 is much smaller than that in

eries 1. This observation aligns with the reduced size indicated 

y the XRD patterns and TEM images. Specifically, we compared 

he PL, PLE, and UV–Vis absorption spectra of series 1 and series 

 SiQDs, as illustrated in Fig. 9 (c, d). The insets in these figures

isplay optical photographs of diluted colloidal SiQDs under am- 

ient and UV light (365 nm) irradiation. Series 4 appears notice- 

bly redder and brighter under UV light, which can be attributed 

o higher PL components in the visible red spectrum and possibly 

 greater PLQY, a topic that will be addressed subsequently. The PL 

axima for series 1 and series 4 are located at 923 nm (1.34 eV) 

nd 751 nm (1.65 eV), respectively; this significant blueshift is as- 

ribed to the widening of the 	–X indirect bandgap caused by the 
69
ize reduction of the SiQDs [ 3 , 72 ]. Additionally, the PLE maxima 

or series 1 and series 4 occur at 375 nm (3.31 eV) and 340 nm

3.65 eV), respectively, with these blueshifts linked to the widen- 

ng of the 	–	 direct bandgap due to the decrease in SiQD size 

 3 , 73 ]. Notably, as size decreases, the 	–	 direct bandgap transi- 

ions from 3.32 eV (bulk Si, > 10 nm) to 3.31 eV (series 1, ∼5 nm)

nd to 3.65 eV (series 4, ∼3 nm). This observed trend of the 	- 

alley bandgap first redshifting and then blueshifting is a conse- 

uence of quantum confinement at the nanoscale, as confirmed by 

xperimental and theoretical investigations conducted by de Boer 

t al. [ 74 ] and Luo et al. [ 73 ]. Furthermore, the UV–Vis absorp-

ion spectra of series 1 and series 4 SiQDs are consistent with the 

rends observed in their respective PLE spectra, displaying mini- 

al absorption in the 40 0–10 0 0 nm range but a marked increase 

n absorption below 400 nm. The decay time analyses of the se- 

ies 1 and 4 SiQDs are shown in Fig. 9 (e). The decay data are fitted

y double-exponential function, and the corresponding average PL 
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ecay lifetimes are 94 and 108 μs, which are comparable to the 

ifetimes reported in the literature [ 1 , 47 , 58 ]. The microsecond-level

ifetimes provide decisive evidence that the emissions of the series 

 and 4 cases both belong to the S-band emissions [ 75 ]. Further-

ore, as illustrated in Fig. 9 (a, b), there is no evident excitation 

avelength dependence observed for both series 1 and series 4 

iQDs. This finding provides additional evidence that the PL in this 

ontext corresponds exclusively to S-band emissions rather than F- 

and emissions. Fig. 9 (f) shows the relationship between the size 

nd bandgap energy of SiQDs in our work and in the previous lit- 

rature [ 7 , 9 , 16 , 37 , 39 , 41 , 47 , 58 , 59 , 62 , 67 , 76–80 ], where the red line is

he fitted curve of the effective mass approximation (EMA) method 

 10 ], and the black dashed line represents the bandgap of bulk sili-

on (1.12 eV). Our results are very close to the EMA curve, confirm- 

ng that the prepared SiQDs belong to the S-band emission once 

gain. Additionally, the blue-green region indicates SiQDs exhibit- 

ng F-band emission, while the red-orange region indicates SiQDs 

xhibiting S-band emission. 

To better understand the PL properties of the prepared SiQDs 

rom the two series, a statistical analysis of the relevant PL param- 

ters is essential. Due to the limitations of the PL spectrometer, 

hich captures spectra only up to 10 0 0 nm (with a PLE wave-

ength of 330 nm), Gaussian functions were employed to fit the 
ig. 10. (a) Normalized PL spectra of series 1 and 4 with fitted curves; (b, c) Box plots o

etween the PLQY and the integrated PL spectral intensity for SiQDs in series 1 and 4; (e

nd 4; (g–i) Box plots of the PL lifetime, kn , and knr for SiQDs of series 1 and 4. 

70
L spectra, thereby restoring the complete profiles, as illustrated 

n Fig. 10(a). All subsequent statistics and comparisons of PL pa- 

ameters are based on these fitted curves. As shown in Fig. 10 (b), 

he mean PL center wavelength for series 4 is observed at 764.1 

m, representing a blueshift of 114.9 nm compared to series 1 

879.0 nm), which is attributed to the reduced size of the SiQDs. 

ig. 10 (c) presents the full width at half maximum (FWHM) of the 

L peaks for series 1 and series 4 SiQDs. Series 4 exhibits a smaller 

ean FWHM, indicating a more homogenous particle size distribu- 

ion and reflecting the superior quality of these SiQDs [ 41 , 57 ]. Re-

arding PLQY, the spectrometer supports measurements up to 800 

m, which can be extended to 850 nm with appropriate correction 

ethods; however, this range is insufficient to accurately evaluate 

eries 1 and series 4, particularly series 1. Consequently, the abso- 

ute PLQY obtained from direct measurements is limited to wave- 

engths up to 850 nm and does not accurately represent the PLQY 

ver the entire spectrum. Therefore, it is imperative to reconstruct 

he PLQY across the full spectrum to enable a fair comparison be- 

ween the PLQYs of series 1 and series 4. The calculation equation 

f absolute PLQY is shown below [ 15 , 81 ]: 

LQY = NPhotonsEmitted 

NPhotonsAbsorbed 

= IPL , sample − IPL , blank 

IPLE , blank − IPLE , sample 

(5) 
f the PL peak wavelength and FWHM for SiQDs of series 1 and 4; (d) Correlation 

, f) Box plots of the measured PLQY and the estimated PLQY for SiQDs of series 1 
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Where IPL is the integrated PL intensity, and IPLE is the inte- 

rated PLE intensity. The measured champion PLQYs for series 1 

nd series 4 are 5.7% and 23.4%, respectively, and these values 

ere used to demonstrate the recovery of the PLQYs of the full 

pectra. By substituting the integrated area of the measured spec- 

rum ( IPL, sample ) and the measured PLQYs into Eq. (5) , the esti- 

ated PLQYs for the full spectra of series 1 and series 4 SiQDs 

ere determined to be 21.5% and 27.7%, respectively, as shown in 

ig. 10 (d). Fig. 10 (e, f) presents box plots of the measured and es-

imated PLQYs for series 1 and series 4 SiQDs. The mean mea- 

ured PLQY for series 1 SiQDs is 3.2%, while the estimated PLQY 

s 9.9%. In contrast, series 4 SiQDs exhibit mean measured and es- 

imated PLQYs of 20.0% and 24.4%, respectively. The significantly 

igher PLQY for series 4 compared to series 1 can be attributed 

o its greater crystalline fraction [ 1 ]. Nevertheless, the obtained 

LQY of ∼25% (in toluene) remains substantially lower than the 

urrent highest PLQY of ∼80% (in toluene) reported by Saitow’s 

roup [ 47 , 59 ], which is primarily due to the unoptimized surface 

unctionalization and purification processes that severely limit the 

LQY [ 82 , 83 ]. Fig. 10 (g) presents the box plots of PL lifetimes for

eries 1 and series 4 SiQDs. The results indicate no significant dif- 

erence between the PL lifetimes of the two series of SiQDs. Fur- 

hermore, the radiative and nonradiative recombination rate con- 

tants ( kr , knr ) can be obtained from τ and PLQY by the following 

quation [ 1 , 47 ]: 

LQY = kr 

kr + knr 
= kr τ (6) 

Where kr and knr are the radiative and non-radiative rate con- 

tants of photo-excited electron-hole pairs, τ is the average PL de- 

ay lifetime. Hence, the interband recombination process between 

he electrons in the conduction band and the holes in the valence 

and of the SiQDs can be analyzed, as shown in Fig. 10 (h, i). The

r for series 4 is 1500 s−1 higher than that of series 1, whereas the 

nr for series 4 is 1300 s-1 lower than that of series 1. This obser- 

ation can primarily be attributed to a higher crystalline fraction 

f series 4, which directly influences the recombination dynam- 

cs. Specifically, the increased silicon crystalline fraction in series 

 enhances radiative recombination by providing additional radia- 

ive recombination centers with enhanced efficiency, while reduc- 

ng the impact of amorphous regions, which serve as nonradiative 

ecombination centers [ 1 , 56 ]. The PL parameters of series 1 and

eries 4 SiQDs are summarized in Table 4 . 

It is noteworthy that although the crystalline fractions of the 

iQDs in series 1 and series 4 differ considerably within the SiO2 

atrix, this difference in crystalline fraction narrows to within 2% 

ollowing HF etching and hydrosilylation. Despite the fact that the 

LQY of the series 4 is significantly higher than that of series 1—

n observation that may appear paradoxical at first glance—we hy- 

othesize that amorphous components are present not only on the 

urface but also within the SiQDs. The core region serves as the 

rimary site for radiative recombination, and amorphous compo- 

ents located near the core exert a stronger suppressive effect on 

adiative recombination compared to those situated nearer the sur- 

ace. Consequently, although the crystalline fraction of both series 

 and series 4 exceeds 95% after etching, series 4 contains a higher 

roportion of crystalline components concentrated near the SiQD 

ore. This distribution leads to a significantly accelerated radiative 

ecombination rate of series 4 relative to series 1, while the nonra- 
Table 4 

PL results for SiQDs of series 1 and series 4. 

Series TEM size, dTEM (nm) PL center (nm) FWHM (nm) Measured PLQY

1 3.24 ±0.07 879.0 ±36.4 262.2 ±18.2 3.2 ±1.8 

4 5.35 ±0.10 764.1 ±17.3 218.6 ±22.1 20.0 ±3.2 

71
iative recombination rate of series 4 is slower compared to that of 

eries 1. Given that conventional Raman characterization cannot re- 

olve the distribution of amorphous components in SiQDs smaller 

han 10 nm, this hypothesis explains the observed relationship be- 

ween PLQY and crystalline fraction. Furthermore, smaller SiQDs 

end to have larger surface-to-volume ratios, wherein (1) the ef- 

ects of surface dangling bonds, oxides, and other defects on ra- 

iative recombination are more pronounced [ 47 ], and (2) the high- 

requency vibrational modes of the organic ligands dominate, ex- 

cerbating nonradiative relaxation [ 1 ]. Therefore, smaller sizes im- 

ly the presence of more nonradiative recombination centers at the 

urface. Nevertheless, series 4 SiQDs ( ∼3 nm) exhibit significantly 

igher PLQY compared to series 1 SiQDs ( ∼5 nm), further indicat- 

ng that the increased number of crystalline components within 

he SiQDs compensates for potential losses in radiative recombina- 

ion due to the reduced size. Overall, the higher PLQY obtained for 

eries 4 is attributed to the higher crystalline fraction. A compari- 

on of PL properties of small SiQDs synthesized using pyrolysis of 

SQ polymer in the literature is shown in Table 5 . As can be seen

ur work obtained the highest crystalline fraction ( ∼100%) up to 

ate. 

By integrating FTIR, XRD, Raman, XPS, TEM, and PL analyses, 

e conclude that the reaction process for the formation of SiQDs 

s illustrated in Fig. 11 . At a low volume of aqueous HCl (series 1),

nadequate hydrolysis results in a decrease in groups 1 and 3 and 

n increase in groups 2 and 4 within the HSQ polymer. This sit- 

ation leads to a lower percentage of cage structures and a cor- 

esponding higher percentage of network structures. It is noted 

hat the network structure is characterized by a higher number of 

thoxy groups and fewer siloxane crossings. Methoxy groups have 

een reported to facilitate the “opening up” of the siloxane net- 

ork in HSQ polymers [ 46 , 49 ], thereby reducing the cross-linking 

ensity; this also holds true for ethoxy groups. Similarly, ethoxy 

roups, due to their longer chain compared to methoxy groups, 

re likely to “opening up” the siloxane network to an even greater 

xtent. Consequently, the network structure exhibits a relatively 

ow cross-linking density, which results in a high diffusion density 

f silicon atoms, promoting the formation of large SiQDs. Further- 

ore, the diverse opening mechanisms of different groups result in 

ignificant non-uniformity in the diffusion barriers, leading to vari- 

ble diffusion rates of silicon atoms. Therefore, the high quantities 

f groups 2 and 4 result in low diffusion uniformity. We posit that 

he inhomogeneous diffusion of silicon atoms is primarily respon- 

ible for the formation of amorphous silicon. Notably, the amor- 

hous silicon formed is present not only on the surfaces of SiQDs 

ut also in small amounts within them. As the volume of aqueous 

Cl increases (series 2 and 3), hydrolysis becomes increasingly ef- 

ective, resulting in a higher number of groups 1 and 3 and a lower 

umber of groups 2 and 4 within the HSQ polymer. This transition 

esults in an increased proportion of cage structures and a corre- 

ponding decrease in the proportion of network structures. Addi- 

ionally, there is a reduction in ethoxy groups and an increase in 

iloxane cross-linking in the network structure, leading to a mod- 

rate cross-linking density and moderate diffusion uniformity. Con- 

equently, SiQDs of medium size and crystallinity are formed. It is 

mportant to note that the increase in cross-linking density makes 

ilicon atoms that fail to diffuse more likely to recombine with hy- 

rogen to form SiH4 and escape from the matrix. Ultimately, when 

he concentration of aqueous HCl reaches a threshold (series 4), 
 (%) Estimated PLQY (%) PL lifetime ( μs) kr (s−1 ) knr (s−1 ) 

9.9 ±8.1 97.0 ±4.8 1000 ±900 9300 ±900 

24.4 ±3.2 95.9 ±9.1 2500 ±200 8000 ±1000 
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Table 5 

Comparison of small SiQDs synthesized using HSQ polymer pyrolysis. 

Year Precursor Size (nm) 

Relative 

Raman 

intensity Crystalline Fraction, fc1 , fc2 , fc3 (%) Ligand PL peak (nm) PLQY (%) Refs. 

2017 Trichlorosilane 0.8 – – – – Dodecyl ∼450 3 [ 52 ] 

2019 Triethoxysilane 1.8 – – – – Decyl 617 8 [ 84 ] 

2020 Trichlorosilane 3.6 1.33 43.8 86.5 50 Dodecyl ∼740 25 [ 46 ] 

2021 Triethoxysilane 2.2 – – – – Undecenoic 

acid 

630 19 [ 85 ] 

2022 HSQ 3.2 0.49 ∗ 67.6 ∗ 92 ∗ 73.1 ∗ Decyl 667 54 [ 47 ] 

2024 Trichlorosilane 2.4 0.62 ∗ 61.5 ∗ 90 ∗ 68.3 ∗ Decyl 740 77 [ 59 ] 

2024 Triethoxysilane 3.24 0.10 90.7 98.4 92.9 Octadecyl 764.1 24.4 This study 

0.03 ∗ 97.0 ∗ 99.5 ∗ 97.7∗

∗ The asterisks denote the crystallinity results of the freestanding octadecyl-passivated SiQDs, while those without asterisks represent the original crystallinity results 

within a SiO2 matrix. 

Fig. 11. Reaction mechanism for the formation of 1–4 series SiQDs by hydrolysis-pyrolysis process. 
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ydrolysis becomes sufficient, resulting in HSQ polymers that con- 

ain almost no groups 2 and 4. At this stage, the proportion of cage

tructures increases significantly. With the network structure pri- 

arily comprising groups 1 and 3, and with group 3 being pre- 

ominant, the network exhibits a high cross-linking density and 

igh diffusion uniformity. As a result, SiQDs with smaller size and 

igher crystallinity are formed. Overall, for the size of SiQDs, the 

ross-linking density of the network structure predominantly influ- 

nces it, though the percentage of cage structure also plays a role. 

n terms of crystallinity, the cage structure provides a uniform dif- 

usion barrier, while the network structure offers a relatively uni- 

orm diffusion barrier only when the siloxane cross-linking den- 
72
ity is sufficiently high. A uniform diffusion barrier is crucial for 

reventing the formation of amorphous silicon. Therefore, the cage 

tructure in HSQ polymers produced via hydrolysis serves as an 

xcellent crystalline silicon precursor, while the network structure 

an only be classified as an effective crystalline silicon precur- 

or under specific compositional conditions. It seems that utilizing 

SQ polymers with predominantly cage structures may yield op- 

imal results. However, two significant challenges persist: (1) the 

ynthesis of HSQ polymers with nearly 100% cage structure pu- 

ity is exceedingly difficult; and (2) a pure cage structure is associ- 

ted with low diffusion barriers, leading to the formation of larger 

iQDs. Therefore, a high proportion of cage structures, combined 



Y. He, Q. Hao, X. Yang et al. Journal of Materials Science & Technology 219 (2025) 59–74

w

c

t

4

S

w

T

a

s

T

H

s

r

i

m

f

i

f

t

(

t

n

H

w

d

c

f

s

a

s

n

t

o

t

d

s

p

D

f

D

c

i

C

I

v

D

t

s

Z

v

R

r

s

i

v

A

o

C

t

U

S

f

R

 

 

[

[

[
[

[
[

[

[

[

[

[

[

[

[  

[  

[

[

[
[

 

ith a network structure exhibiting high cross-linking density, fa- 

ilitates the synthesis of SiQDs with both small size and high crys- 

allinity. 

. Conclusions 

In the synthesis of SiQDs from the pyrolysis of HSQ polymers, 

iQDs with a size of 3.24 nm and a crystalline fraction of 98.4% 

ere obtained by optimizing the TES/aqueous HCl volume ratio. 

he PL center wavelength of the SiQDs is 764.1 nm, exhibiting an 

verage PLQY of 24.4%. We established that the proportions of cage 

tructure and cross-linking density of network structure within 

ES-derived HSQ polymers can be regulated by the TES/aqueous 

Cl volume ratios. In regulating SiQD size, the cross-linking den- 

ity of the network structure in the HSQ polymers plays a decisive 

ole. A high cross-linking density results in high diffusion barriers, 

mpeding the aggregation of silicon atoms necessary for SiQD for- 

ation. Consequently, these atoms may revert to SiH4 and escape 

rom the SiO2 matrix, thereby limiting SiQD growth and resulting 

n the formation of smaller SiQDs. For the crystalline fraction, uni- 

orm diffusion of silicon atoms is critical for achieving high crys- 

alline fraction. The cage structure, dominated by a single group 

HSiO1.5 ), provides a uniform diffusion barrier. The network struc- 

ure, on the other hand, contains multiple groups, which result in 

on-uniform diffusion barriers. However, at elevated TES/aqueous 

Cl volume ratio, the composition of the groups within the net- 

ork becomes increasingly homogeneous, leading to more uniform 

iffusion barriers. Thus, the cage structure is an excellent source of 

rystalline silicon, whereas the network structure serves as an ef- 

ective source of crystalline silicon only at high cross-linking den- 

ity. It is concluded that high crystalline fractions arise from both 

 high proportion of cage structures and a high cross-linking den- 

ity of network structures. Overall, the cross-linking density of the 

etwork structure is crucial in controlling both the size and crys- 

allinity of SiQDs. Our synthesis method allowed SiQDs to maintain 

utstanding crystalline fractions at relatively small sizes, achieving 

he highest crystalline fraction reported to date for HSQ polymer- 

erived SiQDs. This study aims to advance the application of small- 

ized SiQDs in lighting, display technologies, medical imaging, and 

hotovoltaics. 
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