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SI 1. SEM images and size analyses of Si particles before and after grinding 
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Figure S1. Typical SEM images of Si particles obtained from RHs and their size 
analyses. Left and right sides represent the data of Si particles before and after 
grinding with a motor and pastel, respectively.  
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SI 2. Chemical and physical structures of Si obtained from rice husk  

 

 

 

  

Figure S2. EDX spectra to evaluate the purity of Si particles obtained from RHs. 
Residual silica components were involved in Si particles after the reduction 
reaction, and they were removed by HF washing. The purity of Si increased to 
98%. 
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Figure S3. HRTEM image of Si nanoparticles synthesized from RHs 
after chemical etching. The data denotes the expanded image of Figure 
1k for the clarity. 
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Figure S4. Raman spectrum of H-SiQD measured upon an excitation wavelength 
of 632.8 nm. Red solid circles and a black solid curve denote raw data and fitting 
curve of two Gaussian functions, respectively. Blue and green dashed curve denote 
crystalline and amorphous components, respectively. According to the relative 
area, crystalline and amorphous components of H-SiQDs were estimated as 
63±3 % and 37±3%, respectively, both of which average and standard deviations 
were obtained from six Raman spectra.  
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SI 3. PL of SiQD changed by etching time  

The Si particle solution was chemically etched with HF and HNO3 solutions to remove the 

oxidized surface layer of SiO2 and to reduce the particle size.1 The PL color of obtained H-

SiQDs was changed by etching conditions. Successively, H-SiQDs were used to synthesize 

de-SiQDs as a final product. Herein, we show the different PL spectra by changing etching 

time to synthesize H-SiQDs. This is because PL wavelength is modified by quantum 

confinement effect (Figure S6). Figure S5 shows the PL spectra of de-SiQDs, and their peak 

wavelengths were changed by etching time for synthesizing H-SiQDs. 
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Figure S5. PL of de-SiQDs. The peak positions are changed by etching time. 
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SI 4. Band gap energy and EMA of SiQDs 

The bandgap energy (Eg) of SiQD depends on the size, and their values can be analyzed by 

quantum confinement effect.2-4 That is, the energy of the PL peak has been used as an 

indication of Eg for Si nanomaterials. The quantum-confinement effect of Si nanomaterials 

shows the relationship between Eg and d (diameter of SiQD) with the effective mass 

approximation (EMA) as follows,2-4 

  𝐸୕ୈ ൌ 𝐸଴ ൅ ௛మగమ

ଶௗమ ൬
ଵ

௠౛
∗ ൅ ଶ

௠౞
∗ ൰ െ ଵ.଻଼଺௘మ

ఌௗ
   (1) 

where EQD is the bandgap of SiQD, E0 bulk Si (1.12 eV), d diameter of SiQD, me
* effective 

mass of electron, mh
* effective mass of hole,  dielectric constant of Si. 

The equation of (1) is characterized for SiQDs using eq. (2). 

  𝐸୕ୈ ൌ 𝐸଴ ൅ 𝐴𝑑ିଶ െ 𝐵𝑑ିଵ    (2) 

where A and B are constants and lead to A = 2.56 eV nm −2 and B = 0.83 eV nm −1.3 The units 

of E and d are eV and nm, respectively. Based on eq. (2), we obtained a solid curve in Figure 

S6. Symbols are collected from recent papers for peak wavelengths of PL spectra of colloidal 

SiQDs.2-11 The orange square represents the de-SiQD synthesized in the present study (Eg=1.8 

eV, diameter = 3.5 nm). Thus, the position of PL wavelength and Eg for the present de-SiQDs 

were specified by the quantum-confinement effect and EMA.  

 Herein, let us describe other two information. First, it is the deviation between 

experimental data and EMA curve in the size < 2 nm, which is well described by recent 

study.2 That is, the dispersion of particle size distribution is responsible for the deviation 

between experimental data and EMA. In other words, if one can synthesize the SiQD with 

small standard deviation for size distribution, the experimental data will be good agreement 
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with EMA in the size < 2 nm.3 Second, almost green-blue PL reported in studies on Si 

nanomaterials are commonly linked to radiative defects. The interband transition and radiative 

defects have been attributed S-band and F-band, respectively, and summarized in recent 

review articles.3,4  

 

  

Figure S6. Eg obtained from PL peak wavelengths of colloidal SiQDs. (a) Symbols and sold 
curve are obtained from papers (refs. 2-11) and calculations of EMA, respectively. Orange 
square is the data in the present study in the present study (Eg=1.8 eV, diameter = 3.5 nm). (b) 
Figure is reused from ref. 2 (Copyright in American chemical society). The deviation from 
EMA is characterized by the standard deviation of SiQD size. 
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SI 5. Performance of SiQD LEDs 

We evaluated the performance of SiQD LED. Figure S7 shows an I-V curve of SiQD LED, 

which was prepared using another device with the same structure to SiQD LED in Figure 3. 

The external quantum efficiency (EQE) of SiQD LED was estimated using equation (3). 

  EQE ሾ%ሿ ൌ
ో౦౪౟ౙ౗ౢ ౦౥౭౛౨ ౚ౛౤౩౟౪౯ ൣ౓ ౙౣమ⁄ ൧

౏౟౤ౝౢ౛ ౦౞౥౪౥౤ ౛౤౛౨ౝ౯ ሾెሿ

ి౫౨౨౛౤౪ ౚ౛౤౩౟౪౯ ሾఽ ౙౣమሿ⁄
ుౢ౛ౣ౛౤౪౗౨౯ ౙ౞౗౨ౝ౛ ሾిሿ

ൈ 100   (3). 

The obtained EQE was calibrated by considering light correction efficiency, based on a 

reported manner.12 The resultant maximum EQE was obtained as 0.003%. This value was 

lower than the typical EQE for SiQD LEDs (Table S1). Namely, the maximum EQE reported 

for SiQD LEDs is 8.6%, with ranges from 1 to 4% at their optimized voltages, although lower 

EQEs of 0.02-0.6 % are prevalent, depending on the applied voltage and the device structure 

(Table S1).14-26 A future requirement is to enhance EQE of SiQD LED derived from rice 

husks.  
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Figure S7. Performance of SiQD LED.  
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Table S1. Device structures and external quantum efficiencies of SiQD LEDs  

Year Device structurea 
EL peak 

wavelength 
(nm) 

maximum 
EQE  
(%) 

 EQEb 
(%) 

ref.

2010 ITO/PEDOT:PSS/MEH-PPV/SiQD/BCP/LiF/Al 868 0.6 0.01  0.4 14

2011 ITO/PEDOT:PSS/Poly-TPD/SiQDs/TiO2/Al 618 --- 0.00001 15

2011 ITO/PEDOT:PSS/Poly-TPD/SiQDs/Alq3/LiF/Al 853 8.6 0.01  6.5 16

2011 ITO/PVK/SiQD/TPBi/Al 685 0.7 0.01 0.4 17

2013 ITO/PEDOT:PSS/Poly-TPD/SiQD/TPBi/LiF/Al 680 1.1 0.0001 0.02 18

2015 ITO/PEDOT:PSS/Poly-TPD/SiQDs/Alq3/Al 410 --- 0.00042 12

2016 Al/MoO3//TAPC/SiQD/ZnO/PEI/ITO (inverted structure) 690 2.7 0.03  1 19

2018 Al/MoO3/CBP/SiQD/ZnO/ITO (inverted structure) 660 3.1 0.2  2 20

2018 ITO/PEDOT:PSS/Poly-TPD/SiQD/ZnO/Ca/Al 694 0.018 0.001 - 0.007 21

2018 ITO/PEDOT:PSS/Poly-TPD/PVK/SiQD/ZnO/Ag 735 6.2 0.1  3.5 22

2018 ITO/PEDOT:PSS/SiQD/TPBi/Al 700 0.3 0.02  0.2 23

2018 Au/MoO3/CBP/SiNC/ZnO/ITO (inverted structure) 740 3 0.5  1.5 24

2019 Al/MoO3/CBP/SiQD/ZnO/ITO (inverted structure) 620 0.03 0.01  0.025 25

2019 Al/WO3/SiQD/ZnO/ITO (inverted structure) 680 0.25 0.001  0.2 26

2020 Al/MoO3/CBP/SiQD/ZnO/ITO (inverted structure) 755 3.36 0.01  1 13

a: The device structures are listed from anode at the left side to cathode at the right side.  
b: The EQEs are listed as the values at non-optimized voltages, indicating 70% data except for the top 30% EQE 
at optimized voltages. Their average was obtained as 0.02-0.6% by excluding the highest three EQEs and the 
lowest three EQE in the right column. 

  

Figure S8. Photograph of SiQD LED working, of which performance is 
shown in Figure S7. EL peak wavelength was located at 700 nm. The size 

of active area was 2 mm×2 mm. 
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SI 6. Improvements of de-SiQD synthesis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure S9. Photographs of reaction vessels using commercial Swagelok parts (5/8 inch). The left 
and right photographs are reaction vessels before and after improvement, respectively. The body 
and screw caps of former were made of stainless steel, whereas those of latter were made of brass 
and stainless steel, respectively. Using materials with different coefficient of thermal expansion, 
we reduced a burn-in between the screw cap of the reaction vessel without the lubricant, and the 
lubricant involving Ag was not necessary. This latter type of the vessel was also used in ref. 27. 
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Figure S10. FTIR spectrum of improved de-SiQDs, corresponding to Ag free and 
negligible surface contaminants. Notations of , , and  denote stretching, 
scissoring, and wagging modes, respectively.
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