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Abstract. The synthesis of silicon quantum dots (SiQDs) via thermal pyrolysis is considered 

promising due to its cost-effectiveness. The etching process in this method has the potential to 

control the size of SiQDs precisely and has thus garnered attention. However, there are varying 

observations regarding the effect of etching duration on SiQD size. Additionally, the impact of 

dioxonium hexafluorosilicate (DH), a byproduct of the etching process, on the 

photoluminescence (PL) quantum yield (QY) of SiQDs remains unclear. This study investigates 

the effect of etching duration on the physical and optical sizes as well as the PLQY of SiQDs. 

The results indicate that extending the etching duration decreases the physical size of SiQDs, 

while the optical size initially increases slightly before decreasing. The SiQDs transition through 
three phases with increasing etching duration: oxidation removal, shallow over-etching, and deep 

over-etching. Both amorphous silicon (a-Si) in the oxidation removal phase and DH in the deep 

over-etching phase act as non-radiative recombination centers, thereby reducing the PLQY of 

SiQDs. Therefore, optimizing the etching duration to achieve the shallow over-etching phase is 

essential. This study provides new insights into the effects of etching duration on SiQD size and 

PLQY, aiding in the preparation of higher-quality SiQDs. 

1. Introduction 

Silicon is the second most abundant element in the Earth's crust, next to oxygen, and has been utilized 
in various fields such as microelectronics [1], photovoltaics [2], and photodetection [3]. Despite its 

extensive usage in some areas, its indirect bandgap nature causes an extremely low photoluminescence 

(PL) quantum yield (QY) of bulk silicon, rendering it unsuitable for applications such as display and 

lighting [4]. However, the emergence of silicon quantum dots (SiQDs) solves this predicament as they 
possess more than two orders of magnitude higher PLQY than bulk silicon [4]. The high PLQY of 

SiQDs results from the quantum confinement effect, which gives silicon a quasi-direct transition 

property when the dimension of bulk silicon is reduced to a Bohr radius comparable to that of its excitons 
[5]. Researchers have developed a variety of strategies to synthesize SiQDs, including electrochemical 

https://creativecommons.org/licenses/by/4.0/
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Si wafer etching [6], laser ablation of solid silicon [7], reduction reaction of halosilanes [8], plasma 

synthesis [9], and thermal pyrolysis [10, 11]. Among these methods, thermal pyrolysis stands out as the 

most promising pathway for SiQD synthesis due to its cost-effectiveness and ability to produce high-
quality SiQDs [10-12].  

The etching process is a crucial stage that has garnered attention as alterations in its conditions are 

anticipated to influence the size of SiQDs [12-15]. Henderson et al. observed a notable blue shift (~200 
nm) in the PL spectra of SiQDs with prolonged hydrofluoric acid (HF) etching duration (35~65 min), 

indicating a reduction in the SiQD size [13]. In contrast, Rodríguez Nunez et al. presented differing 

results regarding the etching process [14]. They discovered that as the etching duration increased (1~10 

h), the PL spectra of SiQDs exhibited a blue shift (≤160 nm) only in the presence of illumination, 
remaining unaltered in darkness. This phenomenon is ascribed to an accelerated etching rate stemming 

from exciton production under conditions of low oxidation rate. Subsequently, Chandra et al. identified 

the formation of the byproduct dioxonium hexafluorosilicate (DH) with prolonged etching duration [15]. 
However, the formation mechanism of DH and its impact on the photoluminescence properties of SiQDs 

is still lacking. Recently, Zhou et al. observed a consistent blue shift (60~120 nm) in the PL spectra of 

SiQDs with increasing etching duration (1~6 h) [12]. They also found that extending the etching duration 
resulted in a ~25% decrease in the PLQY of the SiQDs. However, the mechanism underlying the effect 

of extended etching duration on the PLQY remains unclear. Additionally, there are different claims 

regarding whether extending the etching duration reduces the diameter of SiQDs. 

In this study, we investigated the effect of HF etching duration on the physical and optical diameters 
of SiQDs derived from pyrolysis products, as well as on their PLQYs. 

2.  Experiments 

The synthesis of SiQDs is sequentially divided into four steps: hydrolysis-condensation, thermal 
pyrolysis, HF etching, and hydrosilylation [11]. In the hydrolysis-condensation stage, HSQ polymers 

were obtained by mixing triethoxysilane (TES) with water at pH=3. During the pyrolysis stage, the HSQ 

polymer was introduced into a tube furnace and maintained at 1000°C for 2 hours under a carrier gas 

mixture of 5% hydrogen (H2) and 95% argon (Ar) to obtain the pyrolysis product. For the HF etching 
stage, the pyrolysis product was placed in a polytetrafluoroethylene (PTFE) bottle. To this, 16 ml of 48% 

hydrofluoric acid and 10 ml of ethanol were added. The bottle was sealed, and the mixture was subjected 

to magnetic stirring in the dark for 30, 45, and 120 minutes to obtain hydride SiQDs (H-SiQDs). During 
the hydrosilylation stage, the hydrosilylation reaction was performed using 1-octadecene on the three 

samples to yield the corresponding octadecyl-passivated SiQDs (OD-SiQDs). 

3.  Results and discussions 

Figure 1(a) displays X-ray diffraction (XRD) spectra of the pyrolysis products both before and after 

etching. The diffraction peaks at 22°, 28°, 47°, and 56° observed in the pyrolysis products correspond 

to the (111) crystal plane of SiO2 and the (111), (220), and (311) crystal planes of Si with a diamond 

structure [12, 15], indicating the presence of SiQDs embedded in the SiO2 matrix as reported in previous 
studies [12, 15]. The diffraction peaks of SiO2 completely disappear after 30, 45, and 120 min of etching, 

confirming the successful removal of the SiO2 matrix after 30 min of etching. However, in addition to 

the diffraction peaks of liberated Si, a peak at 18° is observed, corresponding to DH, which has also 
been reported in the study of Chandra et al [15]. The intensity of this peak increases with increasing 

etching duration while the intensity of the peak of silicon decreases, suggesting that DH is formed as a 

result of the etching effect of HF on SiQDs. Additionally, the presence of more yellow impurities is 
observed with increasing etching duration, particularly after 120 min of etching, which is consistent with 

an increase in the proportion of DH indicated by the diffraction peaks. The reaction of HF to DH is 

shown below: 

  2 3 6 22
Si+6HF+2H O H O SiF +2H   (1) 
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Figure 1(b) presents the full width at half maximum (FWHM) values of the silicon diffraction peaks 

of the pyrolysis product after etching. The Scherrer equation is then applied to calculate the average 

crystal size (dXRD) of the SiQDs as illustrated in Figure 1(c) [16]. The dXRD of the pyrolysis products are 
4.51 nm, 4.13 nm, and 3.29 nm after etching for 30, 45, and 120 min, respectively. This further 

corroborates the HF etching of SiQDs. The Raman spectrum of the pyrolysis product, shown in Figure 

1(d), consists of crystalline silicon (c-Si, 499 cm1) and amorphous silicon (a-Si, 480 cm1) [17, 18], 

with a crystalline fraction of 94.68%. Additionally, the Raman peak of the c-Si part is shifted ~20 cm1 

compared to the c-Si wafers, arising from the difference in Raman spectra between SiQDs and bulk 

silicon [17, 18]. 

 

Figure 1. (a) XRD patterns of pyrolysis products before and after etching for 30, 45, 120 min (insets 
are the corresponding photographs); (b) FWHM values of the silicon diffraction peaks of the pyrolysis 

product after etching for 30, 45, 120 min; (c) Average crystal size (dXRD) of the SiQDs etched for 30, 

45, 120 min; (d) Raman spectra of the pyrolysis product (crystalline and amorphous fractions were 
fitted by Voigt function). 

 

OD-SiQDs were synthesized using octadecene as a ligand for the hydrosilylation of H-SiQDs. 

Figures 2(a) and (b) present transmission electron microscopy (TEM) images of OD-SiQDs etched for 
30 and 45 min. The frequency distribution of SiQD sizes indicates average particle sizes (dTEM) of 5.52 

± 0.08 nm and 4.77 ± 0.18 nm, as shown in Figures 2(e) and (f). Additionally, Figures 2(c) and (d) show 

high-resolution TEM (HRTEM) images of OD-SiQDs etched for 30 and 45 min, with white circles 
highlighting the OD-SiQDs. The observed lattice spacing of 0.31 nm corresponds to the d-spacing of 

the Si (111) crystal plane [19]. 
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Figure 2. (a-b) TEM images of OD-SiQDs etched for 30 min and 45 min; (c-d) HRTEM images of 

OD-SiQDs etched for 30 min and 45min; (e-f) Frequency distribution of OD-SiQD sizes. 
 

Figure 3(a) presents the PL spectra of OD-SiQDs for various etching durations, with the inset 

showing a photograph of OD-SiQDs etched for 45 min. Figure 3(b) illustrates the shifts in PL peaks, 

demonstrating that the PL peaks of OD-SiQDs etched for 30, 45, and 120 min are centered at 900 nm, 
911 nm, and 872 nm, respectively. Using the effective mass approximation (EMA) method [5], the 

optical diameters (dOPT) of these OD-SiQDs were calculated to be 5.16 nm, 5.42 nm, and 4.42 nm, 

respectively. Figure 3(c) summarizes the dXRD, dTEM, and dOPT for etching durations of 30, 45, and 120 
min. Both the Scherrer equation and the EMA method provide approximate means of estimating crystal 

diameters [11, 16], resulting in deviations from the true values. Therefore, it is more valuable to focus 

on the trends rather than on specific values. The trends in dXRD and dTEM indicate that increasing the 
etching duration reduces the physical size of the SiQDs. This phenomenon, differing from the results of 

Rodríguez Nunez et al. [14], who conducted etching in the dark but consistent with several other studies 

[12, 13], is attributed to the high oxidation rate of the etching solution used [14]. However, dOPT shows 

an opposite trend for the 30 and 45-min etching durations. Veinot and colleagues demonstrated that the 
a-Si in SiQDs forms a shell on the c-Si surface [16, 20]. Therefore, HF preferentially removes the a-Si 

shells from the c-Si during etching. Since dXRD decreases from 30 to 45 min, this suggests the a-Si shell 

is no longer present at 45 min; otherwise, dXRD at 45 min would remain unchanged compared to that at 
30 min if the shell were still present. The XRD pattern of SiQDs etched for 30 min shows a small amount 

of DH, indicating the HF etching reaction is at an early stage. It is reasonable to speculate that an a-Si 

shell remains on the SiQDs etched for 30 min, resulting in a large number of defects at the c-Si/a-Si 
interface that tend to trap electrons and holes for nonradiative recombination [16]. Furthermore, 

electrons and holes generated near the interface (on the c-Si side) are also easily trapped, reducing the 

effective diameter for radiative recombination compared to the actual c-Si diameter. This explains the 

discrepancy between the trends of dXRD and dOPT for short etching durations (30~45 min). Figure 3(d) 
presents the PL decay profiles of OD-SiQDs. The average lifetimes of PL decay at the microsecond 

level (82.93 μs, 88.46 μs, and 67.91 μs) were obtained through bi-exponential fitting, indicating that 

these PL emissions originate from intrinsic radiation induced by the SiQD cores rather than by surface 
groups [4, 5]. Figure 3(e) illustrates the PLQYs of 6.43%, 18.87%, and 10.89% for OD-SiQDs etched 

for 30, 45, and 120 minutes, respectively. The radiative recombination coefficient (kr) and non-radiative 

recombination coefficient (knr) can be calculated using the following equation [17]: 
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As shown in Figure 3(f) and Table 1, the 45-min OD-SiQDs exhibit the highest kr of 2133 s1 and 

the lowest knr of 9171 s
 1, corresponding to the highest PLQY. The 30-min OD-SiQDs have a smaller 

kr and larger knr compared to the 45-min OD-SiQDs due to the defects of both a-Si and c-Si/a-Si interface 

acting as nonradiative recombination centers, enhancing nonradiative recombination and weakening 
radiative recombination. This observation further supports the existence of a-Si shells. The smaller kr 

and larger knr in the 120-min OD-SiQDs are due to the significant amount of DH generated by over-

etching, which is adsorbed on the SiQDs and serves as nonradiative recombination centers, capturing 

the electrons and holes generated in the SiQDs. Additionally, the DH adsorbed on the SiQDs may absorb 
UV light intended for the SiQDs or the PL emitted from the SiQDs, causing the excited excitons to 

undergo nonradiative recombination within the DH. For the 45-min OD-SiQDs, although a middle 

amount of DH is present as recombination centers, a significant number of a-Si-related recombination 
centers are removed, leading to an increase in PLQY. 

Based on the above discussion, a possible reaction mechanism for the etching process is illustrated 

in Figure 4. After 30 min of etching, the SiO2 matrix is completely removed from the pyrolysis product, 
a stage termed the oxidation removal state. After 45 min of etching, the a-Si shell is removed, and the 

c-Si core is etched and reduced in size, referred to as the shallow over-etching state. After 120 min of 

etching, the c-Si core is further etched, reducing its size even more, a stage termed the deep over-etching 

state. The dXRD and dTEM of SiQDs consistently decrease as the etching reaction progresses, whereas dOPT 
initially increases slightly and then decreases. Both the oxidation removal state and the deep over-

etching state result in significant amount of nonradiative recombination centers (a-Si and DH), reducing 

the PLQY. In contrast, the shallow over-etching state contains only a middle amount of DH as 
nonradiative recombination centers, thereby increasing the PLQY compared to the other states. 

 

 

Figure 3. (a) PL spectra of SiQDs obtained at different etching durations; (b) PL peak wavelength and 

corresponding optical dimensions of SiQDs obtained at different etching durations; (c) Average crystal 

size (dXRD), average particle size (dTEM), and optical diameter (dOPT) of the prepared SiQDs; (d) PL 
decay profiles of SiQDs obtained at different etching durations; (e) PLQYs and PL decay average 

lifetimes of the SiQDs; (f) kr and knr of the SiQDs. 
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Table 1. Characteristic parameters of SiQDs obtained at different etching durations. 

Etching 

duration 
(min) 

dXRD (nm) dTEM (nm) dOPT (nm) τ (μs) PLQY (%) kr (s
1) knr (s

 1) 

45 4.51 5.52 5.16 82.93 6.43 775 11283 

90 4.13 4.77 5.42 88.46 18.87 2133 9171 

120 3.29 / 4.61 67.91 10.89 1604 13122 

 

 

Figure 4. (a) Schematic diagram of the reaction mechanism for pyrolysis products with increasing 

etching duration. 

4.  Conclusion 

We investigated the effect of HF etching duration on SiQDs using XRD spectroscopy, Raman 
spectroscopy, TEM analysis, and PL spectroscopy. Our findings indicate that the physical size of the 

SiQDs decreases continuously with extended HF etching time, while the optical size initially increases 

slightly and then decreases. This phenomenon is attributed to the trapping of electrons and holes 
generated near the c-Si/a-Si interface, reducing the effective radiative recombination diameter. The 

SiQDs released by etching would be in three phases sequentially with increasing etching duration: 

oxidation removal state, shallow over-etching state, and deep over-etching state. Notably, the a-Si in the 

oxidation removal state and the large amount of DH in the deep over-etching state act as non-radiative 
recombination centers, thus reducing the PLQY of SiQDs. Therefore, selecting an appropriate etching 

duration to achieve the shallow over-etching state is crucial for improving the PLQY of SiQDs. 
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