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Abstract Surfaces can significantly alter the optical properties of nanomaterials, but are difficult 

to control and understand in highly reactive materials such as silicon nanoparticles. In this work, 

we investigate the role of the surface in controlling the optical transitions in highly luminescent 

silicon nanoparticles. By combining high-pressure and low-temperature experiments, we 

experimentally correlate the intense and narrow transitions in the UV range with the surface 

oxides, while the visible transition and the PL are verified to originate from the Si-ligand charge 

transfer band. We find that the high-pressure absorption and PL depends on the rigidity of the 

surface ligand . This work presents a comprehensive understanding of the optical transitions and 

the effect of surface ligands and surface oxidation in these highly luminescent Si NPs. The new 

insight into the oxidation-activated transition and pressure-dependent PL may help with 

engineering the band structure of other highly reactive  semiconductor nanomaterials.  
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Full text 

Since the discovery of room-temperature luminescence from porous silicon (Si) in the early 

1990s, 1–3 the luminescent properties of porous silicon and colloidal silicon nanoparticles (Si NPs 

for short hereafter) have been extensively studied.4–10 Due to their minimal toxicity, low cost and 

high abundance, silicon nanomaterials are regarded as promising candidates in applications from 

light-emitting diodes to bioimaging agents.11–18 However, the optical spectra of Si NPs have been 

observed to be very complicated.10 Si NPs synthesized from high-temperature gas phase 

deposition19,20 or thermal annealing of hydrogen silsesquioxane21–24 usually show structureless 

absorption starting from ~1000 nm (the indirect band gap) to ~360 nm (the direct T-T transition), 

as well as orange-to-NIR PL with a microsecond long lifetime. These results are consistent with 

the quantum confinement model and the intrinsic indirect bandgap of silicon (1.1 eV). On the 

other hand, Si NPs from solution synthesis usually show drastically different, blue PL25–27 with a 

short lifetime and more intense excitonic-like absorption peaks in the deep blue to UV 

range.25,26,28 These results can be ascribed to the inevitable surface contamination from chemicals 

and oxygen during solution synthesis and post-treatment, because surface modification29,30 and 

the surface oxidation31,32 can switch the PL from the “slow red” band to the “fast blue” band. 

However, the reported results from different research32–34 are often contradictory,  which is 

probably due to different experimental conditions. 

       Thus, it remains difficult to determine the structural source of optical transitions (e.g. core or 

surface atoms within Si NPs) and understand the detailed role of quantum confinement, surface 

ligands, and surface oxidation on the photoluminescence (PL) of different Si NPs. We previously 

reported the synthesis and optical behavior of surface-modified and heavily oxidized Si NPs with 

QYs up to 50-90%.35,36 In these NPs, PL-color can be tuned by tailoring the ligand structure.36–38 

Stark spectroscopy confirmed the ligand-to-silicon charge transfer mechanism39. Herein, we 

measure the optical properties of these Si NPs at high pressure and cryogenic temperatures to 

understand the optical transition mechanisms. Using high pressure, we are able to modify the 

distance between the ligands and the Si surface, and test its effect on optical transitions. Low-

temperature measurements reveal details within the PL and photoluminescence excitation (PLE) 

spectra that allow optical transitions to be assigned to different mechanisms. Through these 

studies, we confirm that the oxidation of Si surface atoms leads to intense optical transitions in 



the UV range. These optical transitions differ from the band-edge transition and the PL emission 

of Si NPs which arise from the Si-ligand band.  

Results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Absorption (gray) and PL (black) spectra of (A) Ca-, (B) Di-, (C) Me- and (D) On-Si 

NPs (in water). Arrows indicate the onset of absorption. Three major absorption peaks are 

observed: Band-I at ~260 nm; Band-II at ~360 nm; and Band-III from 400 to 550 nm. 

Figure 1 displays the absorption and PL spectra of four different surface-modified Si NPs. 

These NPs are capped by carbazole- (abbreviated Ca-), diphenylamine- (Di-), 4-

methoxyldiphenylamine- (Me-), and 1,2,3,4-tetrahydrocarbazol-4-one (On-). All of these NPs 

show multiple absorption transitions. The Ca-, Di-, and Me-Si NPs, show two intense and narrow 

absorption peaks at ~260 nm (Band-I) and ~360 nm (Band-II), as well as another broad 

absorption peak (Band-III) between 400 and 500 nm. The On-Si NPs show an intense peak at 

~510 nm and two less intense peaks at ~360 nm and ~260 nm. The intense absorption transitions 

in these NPs are significantly different than other reported Si NPs. Previously reported Si NPs 



generally show structureless and monotonically increasing absorption from the visible to the 

UV22,40 due to the indirect band structure of silicon. In our system, the absorption onset depends 

on the ligands: 450 nm for Ca-Si NPs; 470 nm for Di-Si NPs; 480 nm for Me-Si NPs and 560 nm 

for On-Si NPs. This ligand-dependence is also observed in the PL peak wavelength: 480 nm for 

Ca-Si NPs; 500 nm for Di-Si NPs; 530 nm for Me-Si NPs and 560 nm for On-Si NPs.  

All four Si NPs show high PL quantum yields (QY): 70 % for Ca-Si NPs; 50 % for Di-Si 

NPs; 20 % for Me-Si NPs and 80 % for On-Si NPs. The PL lifetimes of the four Si NPs are 30 ns 

for Ca-Si NPs, 17 ns for Di-Si NPs, 15 ns for Me-Si NPs and 3 ns for On-Si NPs (Figure S1). All 

the PL results suggest that the ligand is involved in both the HOMO-LUMO energy gap and the 

PL QY. Based on the measured QY and PL lifetime (τ), the rates of radiative (kr) and non-

radiative (knr) transitions in the four Si NPs can be calculated as: τ = 1/(kr + knr);  QY = kr/(kr + 

knr). These values are reported in Table S1. Of note, the kr of On-Si NPs (3× 108) is one 

magnitude higher than the kr of the other three samples (~107). This is consistent with the intense 

band-III absorption (stronger transition dipole) of the On-Si NPs observed in Figure 1, which 

indicates that the band-III absorption and the PL may arise from the same structural origin. 

  



Figure 2. PL excitation spectra of (A) Ca-Si NPs, (B) Di-Si NPs, (C) Me-Si NPs and (D) On-Si 

NPs (in water). Three major excitation peaks are observed: peak I at ~260 nm; peak II at ~360 

nm; peak III from 400 to 550 nm. Inset of (A) is a TEM image of the Si NPs, scale bar = 10 nm. 

PL excitation (PLE) spectra of the four Si NPs are shown in the Figure 2. The PLE spectra 

of all four samples show similar profiles as their absorption spectra (Figure 1); both show three 

transitions with matching energies. The two intense and narrow bands at ~ 360 nm and ~ 260 nm 

are pronounced in the PLE excitation spectra, which indicates that electrons excited through 

these two transitions can decay to the lower excited-state level and then decay radiatively by 

photoluminescence. In addition, all four of the surface-modified Si NP samples are ~ 2.5–3.5 nm 

in size, as shown in TEM (Figure 2A). 

 
                                                    

Figure 3. (A) Schematic of the processes of synthesis, surface modification and aging in water. 

(B) Absorption of Di-Si NPs before and after aging. (C) The PLE spectra of On–Si NPs before 

and after aging. Arrows indicate the two emerging intense transitions during aging. 

To unravel the origin and mechanism of the two anomalous, sharp transitions at ~260 nm 

and ~360 nm, we monitor absorption and PLE spectra during synthesis and aging (Figure 3A). 

In the Di-Si NPs, we see that the two intense absorption bands at 260 nm and 360 nm gradually 



narrow after the NPs were transferred to water (Figure 3B). In addition, it was found that these 

absorption peaks at 360 nm and 260 nm do not become narrower if oxygen is removed from the 

water by bubbling with N2 during the aging process. This result suggests that the oxidation is 

responsible for the narrowing of the absorption peaks. This oxidation also enhances PL during 

aging (Figure S2). For On-Si NPs and the other NPs, the two transitions at ~ 360 nm and ~ 260 

nm increase in intensity during aging, but do not become significantly more narrow (Figure 3C). 

In addition, the PL does not change significantly during aging. Previous work on porous silicon 

and silica-based nanostructures showed PLE spectra with peaks at ~260 nm and ~360 nm.41–44 

Takashi et al. proposed that the formation of a defect pair consisting of a dioxasilirane = Si (O2) 

and a silylene = Si center has the corresponding electronic transition energies of ~3.5 and ~5 

eV.41 These transitions are similar as the band-I and band-II transitions of our Si NPs. However, 

unlike the color-tunable PL of our Si NPs, blue emissions were reported in the silicon and silica 

nanostructures.41,42,44 The origins of this are typically attributed to oxygen-related defects.   

 



Figure 4. (A) Schematic of the high-pressure optical setup. (B) Pressure-dependent absorption 

and (C) PL spectra of Me-Si NPs in water (non-hydrostatic pressure medium).  

High-pressure optical measurements were conducted on the Me- and On- Si NPs (Figure 4) 

to investigate the nature of the two intense absorption peaks and the strong PL in our Si NPs, and 

compare this behavior to that of other silicon-based nanostructures. It can be observed that the 

near-band-edge absorption peak from 400–500 nm (band III) and the PL of Me-Si NPs gradually 

disappear as pressure is increased to ~1.6 GPa (Figure 4B and 4C). On the other hand, the high-

energy absorption peak at 360 nm (band II) remains the same, and does not shift in energy under 

increasing pressure. These pressure-dependent results indicate that the underlying structural 

origin of band III and the PL are the same, while the band II at ~360 nm may arise from a 

different structural origin. Generally, organic compounds with flexible phenyl rings are “soft” 

and thus are very sensitive to the increasing pressure,45,46 while inorganic silica is “hard”  (bulk 

modulus ~ 36 GPa) and significant change in the related optical transition is not predicted to 

occur at this pressure below 1 GPa47–49. Thus, this pressure dependence indicates that band II 

absorption at ~360 nm is related to silicon oxidation, and the PL and band III absorption are 

related to the ligands.  

 

Figure 5. Pressure-dependent (A) absorption and (B) PL spectra of On-Si NPs. 

The On-Si NPs with “more rigid” On-ligand in which the two phenyl rings are linked with a 

C-C bond, was also studied under the high-pressure (Figure 5A and 5B). Similar absorption and 

PL are observed when water (non-hydrostatic pressure medium) or methanol/ethanol 4:1 

(hydrostatic pressure medium) is used as the pressure medium. It was observed that the band III 



absorption which was originally at 520 nm red-shifts to 540 nm. The PL also red-shifts from 550 

nm to 570 nm. This similar pressure-dependent red-shift again suggests the same structural 

origin of these two transitions. The red-shift is generally observed in high-pressure studies of 

organic molecules in which charge transfer is involved in luminescence.50,51 We plot the PL 

energy–pressure curve in Figure S3; it can be observed that the PL energy monotonically 

decreases in response to increasing pressure up to ~ 4 GPa. A linear fitting of the PL emission 

maximum versus pressure for On-Si NPs yields a value of −9.9 meV/GPa, which is lower than 

the pressure-dependence values of the quantum-confinement PL from Si nanocrystals,52 and also 

lower than the pressure-dependence values (-15 to -20 meV/GPa) for the bandgap of bulk 

silicon.53 The PL intensity of On-Si NPs increases with the pressure up to 2.84 GPa, which is in 

contrast to the Me-Si NPs which showed a significant pressure-induced quenching. Such a 

pressure-induced PL enhancement is not common in charge-transfer governed luminescent 

materials, which might arise from the increased proximity of the ligand and surface silicon atoms. 

Overall, these high-pressure results show that the PL in our Si NPs depends on the structures of 

the ligands. Such a ligand-dependent result is significantly different from previous high-pressure 

study on other Si nanoparticles52 which showed similar pressure-dependence as the bulk silicon. 

This indicates that the PL arises from the ligand-Si band in our surface-modified Si NPs. 

 

Figure 6. Temperature-dependent (A) PLE and (B) PL spectra of the Ca- Si NPs. 

Low-temperature measurements also support these results. As shown in Figure 6A, the 

lowest-energy band-III absorption splits into three peaks when temperature is reduced from room 



temperature to 80 K. This is also observed in the PL spectra (Figure 5B). The similar splitting of 

the PLE III and PL, together with the obvious overlap in energies, are further proof that these 

two transitions are arise from the same structural origin. This is consistent with the pressure-

dependent results. Generally, emissive structures containing organic groups show the splitting of 

PL peaks upon the decrease of temperature. On the other hand, no splitting can be observed for 

both the PLE peak I and PLE peak II. This indicates that band-I and band-II are related, and have 

a different structural origin than the band-III and PL.  

Scheme I provides a summary of the optical excitations and emissions in our surface-

modified/oxidized Si NPs based on the experimental results. Two kinds of optical transitions, the 

surface oxide bands (I and II) and the ligand-to-Si charge transfer band (III), are identified. We 

conclude that the electrons that are excited through both surface oxide bands are quickly trapped 

by the Si-ligand sites, which gives rise to the ultra-bright emission through the ligand-to-Si 

charge transfer band. The energy of the Si-ligand band is controlled by the structures of the 

ligands.  

 
Scheme 1. Optical transitions in surface-modified and oxidized Si NPs. (A) Schematic diagram 

of the excitation and emission at surface oxides and ligand-Si charge transfer sites. (B) Optical 

spectra correlated with the oxide bands and the ligand-Si band.  

Conclusion. In conclusion, this work reveals that surface oxidation leads to intense transitions in 

Si NPs. Photoluminescence in these NPs occurs when electrons are excited from the oxide bands 

and then recombine through the ligand-to-Si charge transfer band. The pressure-dependence of 

PL in these series of Si NPs is largely dependent on the structures of ligands. Either pressure-

induced enhancement and quenching is observed in different Si NPs. Overall, all insights 

constitute a comprehensive understanding of the optical transitions in surface modified/oxidized 



Si NPs with ultrabright PL. The oxidation- and pressure-induced enhancement of optical 

transitions observed in these Si NPs may be used to design other luminescent nanomaterials in 

the future. 

 

Methods and Materials. Details are shown in the supporting information.  
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