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Abstract.  Broadband femtosecond spectroscopy has been used to 
study two types of hydrophilic silicon nanoparticles: (1) photolumi-
nescent, passivated with deuterium and oxidised in fully deuterated 
dimethyl sulphoxide, and (2) nonluminescent (control samples hav-
ing a similar crystalline core), passivated with hydrogen and oxi-
dised in dimethyl sulphoxide. We have found significant differences 
in ultrafast spectral – temporal induced absorption dynamics 
between the two types of nanoparticles in the energy range corre-
sponding to their calculated band gap. The observed distinction is 
due to the considerably higher oxidation rate of silicon on the sur-
face of the deuterated samples in comparison with the undeuterated 
ones and with the associated increase in the number of photolumi-
nescence centres on the surface of the nanoparticles. In the samples 
containing self-trapped exciton (STE) energy states responsible for 
the photoluminescence in the red spectral region, carrier capture at 
these levels and carrier relaxation to the ground state have charac-
teristic times in the femtosecond range. In the samples free of STE 
states, excited carriers relax to the conduction band bottom in a 
characteristic time of several picoseconds.

Keywords: femtosecond spectroscopy, silicon quantum dots, charge 
carrier relaxation.

1. Introduction

Because  of  the  explosive  growth  in  medical  and  biological 
applications of red fluorescent markers, the search for quan-
tum dots (QDs) free of toxic ions has now become a critical 
issue.  In  connection with  this,  there  is  increased  interest  in 
crystalline nanosilicon-based QDs (Si-QDs). Silicon is known 

to be nontoxic and, moreover, it is one of the elements of life 
because it enters into the composition of a number of enzymes 
and proteins. The optical properties of Si-QDs are determined 
by both quantum confinement and silicon surface modifica-
tion [1]. The red luminescence band of Si-QDs was interpreted 
in terms of an oxygen-related defect level,  lying in the band 
gap  of  the  silicon  nanocrystals  at  nanoparticle  diameters 
under 3 nm [2]. To date, many techniques for the synthesis of 
silicon  nanoparticles  with  bright  red  and  infrared  lumines-
cence have been proposed [3 – 5]. One of the most technologi-
cally feasible techniques among them is the chemical synthesis 
of Si-QDs  from silicon monoxide  [6 – 8], which was used  in 
this  study. Unfortunately,  the  photoluminescence  quantum 
yield in Si-QDs is still rather low, which is mainly due to the 
nonradiative  relaxation  of  excited  carriers.  A  deep  under-
standing of the processes responsible for the reduced lumines-
cence efficiency is critical for the ability to improve the optical 
properties of silicon nanoparticles. Femtosecond absorption 
spectroscopy provides information about primary femto- and 
picosecond nonradiative relaxation channels for photoexcita-
tion, and controlled engineering approaches enable targeted 
nanoparticle synthesis with the aim of verifying one mecha-
nism or another.

In this paper, we report an experimental study of the influ-
ence of oxygen-related defect levels on the relaxation rate of 
excited carriers in Si-QDs. To this end, broadband femtosec-
ond spectroscopy was used to gain insight into carrier excita-
tion  and  relaxation  processes  in  two  types  of  hydrophilic 
Si-QDs  having  identical  crystalline  cores:  (1)  luminescent, 
passivated with  deuterium  and  oxidised  in  fully  deuterated 
dimethyl  sulphoxide  (DMSO-D6)  and  (2)  nonluminescent, 
passivated with hydrogen and oxidised in dimethyl sulphox-
ide (DMSO).

2. Experimental

The nanocrystalline Si core used in the synthesis of the hydro-
philic Si-QDs was prepared by the thermal annealing of sili-
con monoxide [6 – 8] at 400 °C. The average silicon core diam-
eter in the nanoparticles was 2.5 ±  0.5 nm (as determined by 
small-angle X-ray scattering [8]). The core size was essentially 
independent  of  the  SiO annealing  temperature when  it was 
within 900 °C. Hydrophilic nanosilicon sols were prepared by 
a process described elsewhere [7], with the following modifi-
cations: The SiO shell surrounding the Si core after annealing 
was etched by hydrofluoric acid-d  (DF solution  in D2O)  to 
give  a  deuterated material  (D – Si-QDs)  or  by  hydrofluoric 
acid (HF) to give a deuterium-free material (H – Si-QDs). To 
remove  the  acids,  the  nanoparticles  were  first  washed with 
D2O and H2O, respectively. In the final washing and drying 
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steps,  solvents  containing  mobile  hydrogen  (methanol  and 
acetone) were replaced by tetrahydrofuran purified by boiling 
over  metallic  sodium  and  then  distilled.  The  nanoparticles 
separated  by  prolonged  centrifugation  were  dissolved  in 
DMSO-D6  and  DMSO,  respectively.  In  this  process,  the 
Si – D  and  Si – H  surface  groups were  oxidized  by  dimethyl 
sulphoxide to Si – OD and Si – OH and the particles became 
hydrophilic. To prepare DF, we fabricated a  four-compart-
ment Teflon reactor, in which the acid was prepared by react-
ing sulphuric acid-d2 with an excess of dry fine calcium fluo-
ride powder  in  flowing dry argon by a procedure described 
elsewhere [9].

Figure 1 shows linear absorption and luminescence spec-
tra of the H – Si-QD and D – Si-QD samples. The absorption 
in  the range 350 – 550 nm arises  from the Si core and  is  the 
same  in  the  two forms of nanosilicon. The band gap of  the 
2.5-nm nanoparticles, evaluated as described previously [8], is 
2.4 eV. D – Si-QD luminescence was observed even during the 
second week after synthesis, whereas the H – Si-QDs showed 
negligible luminescence (Fig. 1). Note that, after passive oxi-
dation with  atmospheric  oxygen,  the  photoluminescence  of 
undeuterated nanosilicon sols in DMSO typically reaches its 
maximum level only after several months, whereas deuterated 
samples oxidize much more rapidly. It seems likely that this is 
primarily due to the lower D3O+ concentration in sols of deu-
terated samples in comparison with the H3O+ concentration 
in sols of undeuterated Si-QD samples, because the D2O dis-
sociation constant (– lgKd = 14.7, T = 298 K) is smaller than 
the H2O dissociation constant (– lgKd = 14.0, T = 298 K). An 
increase in pH (pD) is known to be accompanied by a consid-
erable  increase  in  the oxidation rate of Si – D(H) groups on 
the surface of nanoparticles.

To assess photoinduced absorption changes, we used the 
pump – probe technique [10], with femtosecond pulses gener-
ated by a Ti : sapphire laser at a repetition rate of 1 kHz [11]. 
The laser output was divided by a beam splitter plate into two 
beams  (excitation  and  probe),  one  of  which  was  passed 
through an optical delay line. To excite the sample, the funda-
mental pulses were frequency-doubled (400 nm, ~100 fs). To 
probe the sample, the l = 800 nm light was converted into a 
broadband  supercontinuum  pulse  in  a  water-filled  cuvette 

and then divided into two identical beams: a signal beam, Is, 
which passed through the excitation zone in the sample, and a 
reference beam, Ir, which passed through the sample beyond 
the excitation zone. The two probe beams were focused into 
the sample and, after passing through it, were sent to a grat-
ing monochromator. Next, their spectra were measured using 
two linear diode arrays and, at each wavelength, the differen-
tial absorption signal was calculated as the negative logarithm 
of Is*/Is and Ir*/Ir ratios (where the asterisks refer to the signal 
measured under excitation). To obtain the signals under exci-
tation and without it, the light was modulated at a frequency 
of  500 Hz  by  a  chopper.  In  data  processing,  we  took  into 
account the dispersion-induced broadening of the broadband 
probe pulse (so-called chirp) and the contributions to the sig-
nal from a pure solvent (containing no nanoparticles) and the 
windows of the quartz cuvette.

The Si-QD sols were placed in the quartz cuvette (1 mm in 
thickness and ~1 cm3 in volume), which was rotated to pre-
vent degradation of the sample. At a photon energy of 3.1 eV, 
the excitation energy density was ~1 mJ cm–2. The absorp-
tance  at  the  excitation  wavelength  was  50 %,  which  corre-
sponded to about one absorbed photon per nanoparticle at a 
nanoparticle concentration of 5 ´ 1015 cm–3.

3. Experimental results and discussion

Figures 2a and 2b show the measured differential absorption 
spectra of our samples in the range 1.8 – 2.9 eV, and Figs 2c 
and  2d  illustrate  the  induced  absorption  dynamics  at  three 
wavelengths  after  excitation  by  a  100-fs  pulse  at  a  photon 
energy of 3.1 eV. The observed difference in spectral dynam-
ics  is  associated  with  the  oxygen  passivation  of  the  silicon 
core  and  the  presence  of  self-trapped  exciton  (STE)  states, 
responsible  for  the  efficient  red  luminescence  [12],  in  the 
energy spectrum of the D – Si-QDs about 2.5 nm in size. After 
hydrogen passivation (in the H – Si-QDs),  there are no such 
states,  and  the  samples  show  no  red  luminescence. 
Luminescence  is known to result from fast carrier capture at 
STE  states  during  electron – phonon  relaxation  from  excited 
states of the silicon core (which are referred to as free-electron 
levels in the literature) [13]. In our experiments, charge carriers 
were excited to rather high energy levels of the core and then 
relaxed from those levels to the conduction band bottom.

In the absence of oxygen-related defects capable of pro-
ducing STE states, excited electrons relax to the conduction 
band bottom, where they reside for an indefinitely long time 
(on the timescale of our experiments, limited to 10–10 s). It is 
seen  from  the  data  in  Figs  2a  and  2b  that,  in  the  spectral 
region around 2.4 eV (band gap), the induced absorption in 
the H – Si-QDs relaxes to long-lived states with negative val-
ues. Given that the measured induced absorption is propor-
tional to the difference between the excited-carrier absorption 
and the linear absorption in the sample, which is very weak at 
wavelengths above 600 nm  (Fig.  1), we are  led  to  conclude 
that,  in  this region,  the excited-carrier absorption  is weaker 
than the linear absorption. This fits well with the conclusion 
[13] that the free-carrier absorption is adequately described by 
the Drude theory, in which the absorption cross section is a 
quadratic function of wavelength [14]. Given that, in the case 
of quantum-size nanoparticles, the density of states increases 
with increasing carrier energy in the conduction band [15], it 
is reasonable to assume that, with increasing carrier energy, 
the  free-carrier  absorption  will  considerably  increase  with 
decreasing photon energy [13]. Based on these considerations, 
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Figure 1. ( 1, 2 ) Absorption and ( 3, 4 ) luminescence spectra of ( 1, 3 ) 
D – Si-QD deuterated and ( 2, 4 ) H – Si-QD hydrogen-passivated nano-
silicon  sols obtained 11 days  after  synthesis. The arrow  indicates  the 
excitation wavelength in our experiments.
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we assign the induced free-carrier absorption in the IR spec-
tral  region  primarily  to  high-energy  excited  states,  whose 
relaxation to the conduction band bottom increases the frac-
tion of the induced absorption in the visible range. In connec-
tion with this, we attribute the dynamics of spectral changes 
observed in the long-wavelength region in our pump – probe 
experiments to excited-carrier relaxation far from the conduc-
tion band bottom, whereas the changes in the shorter wave-
length region reflect the behaviour of carriers near the band 
bottom.

It  is worth pointing out  that,  in contrast  to experiments 
reported by De Boer et al. [13], in which a significant role in 
the observed relaxation was played by Auger recombination 
and other effects associated with the high Si-QD concentra-
tion in the samples, the QD concentration in our experiments 
was  three  orders  of  magnitude  lower,  and  the  number  of 
absorbed  photons  per  Si-QD  was  no  greater  than  unity. 
Because of  this, we believe  that  the main  free-carrier  relax-
ation channel was electron – phonon relaxation. The fact that 
it could not be represented by a single exponential was due to 
the scatter in Si-QD size (this applies only to the Si-QDs con-
taining  no  STE  states).  The  induced  absorption  dynamics 
measured at different wavelengths (Figs 2c, 2d) demonstrate 
that this process is much faster far from the conduction band 
bottom (at a probe energy of 1.85 eV, the shortest time in fit-
ting with three exponentials is 1 ps) than near the band bot-
tom (at a probe energy of 2.85 eV, the shortest time is 5 ps).

Since  the  two  types of  samples had  identical cores,  they 
showed  identical  excitation and  initial  relaxation dynamics. 
This is evidenced by the fact that identical data were obtained 
in  the  long-wavelength  region  (induced  1.85-eV  absorption 

dynamics in Fig. 2). In the samples free of STE states, com-
plete electron – phonon relaxation of free carriers took place, 
bringing electrons to the conduction band bottom. The dif-
ferential absorption spectrum then shows a bleach at wave-
lengths  corresponding  to  the band gap  (Fig.  2) because  the 
excited-carrier  absorption  is weaker  than  the  initial one.  In 
the  presence  of  defects,  charge  carriers  can  be  rapidly  cap-
tured at STE states  in some stage of the relaxation process, 
without reaching the conduction band bottom, which shows 
up  as  a  decrease  in  relaxation  rate  in  such  samples  in  the 
short-wavelength region in comparison with the nonlumines-
cent  samples  (induced  2.85-eV  absorption  dynamics  in 
Fig.  2).  The  characteristic  capture  rate  in  our  experiments 
considerably exceeded the estimate reported by De Boer et al. 
[13]: 1010 to 1012 s–1.

Since  the  relaxation  dynamics  of  the  induced  1.85-eV 
absorption are identical for the two samples without any fit-
ting (Fig. 2), we are led to conclude that the number of excited 
carriers is also the same in the samples. Therefore, the differ-
ence between the induced absorption spectra of the lumines-
cent  and  nonluminescent  samples  may  provide  additional 
information  about  details  of  carrier  capture  at  self-trapped 
states. The results of such a procedure at several time delays 
are presented in Fig. 3. It is seen that, in the long-wavelength 
region,  which,  as  mentioned  above,  characterises  strongly 
excited charge carriers in the conduction band, the difference 
is nearly zero, lending further support to the conclusion that, 
far from the conduction band bottom, the charge carriers in 
the  two  samples  are  involved  in  identical  processes.  The 
absorption near 2.48 eV, observed even at a delay time of 
0.5 ps, can be identified with the previously observed absorp-
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Figure 2. Induced absorption (a, b) spectra and (c, d) dynamics for (a, c) H – Si-QD hydrogen-passivated and (b, d) D – Si-QD deuterium-passivat-
ed nanosilicon sols under excitation at a photon energy of 3.1 eV. The delay times between the excitation and probe pulses are indicated in panels a 
and b. The absorption dynamics were probed at photon energies of 2.85 (crosses), 1.85 (circles) and 2.4 eV (solid lines).
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tion from the bottom of a metastable defect state [16], deter-
mined by its optical ionisation energy.

We are thus  led to conclude that, during this short time 
period, not only electrons were captured but they also relaxed 
to the STE band bottom. The shift of the absorption band in 
question to lower photon energies with increasing time delay 
(Fig. 3) can be accounted for by the filling of the STE band 
bottom with charge carriers. The origin of the negative signal 
at  the  short-wavelength edge  is not yet clear, but  it may be 
related to the subtraction of the free-electron absorption con-
tribution near the conduction band bottom, which are miss-
ing in the samples with carriers captured at STE states.

4. Conclusions

Investigation of ultrafast spectral – temporal induced absorp-
tion  dynamics  using  broadband  femtosecond  probe  pulses 
allowed us to track the excited-carrier relaxation dynamics in 
two types of silicon nanoparticles having identical crystalline 
cores 2.5 nm in size. We found significant differences in ultra-
fast spectral – temporal induced absorption dynamics between 
deuterated and undeuterated Si-QDs in the energy range cor-
responding to the calculated band gap of the nanoparticles. 
The  observed  distinction  is  due  to  the  considerably  higher 
oxidation rate of silicon on the surface of the deuterated sam-
ples in comparison with the undeuterated ones and with the 
associated increase in the number of photoluminescence cen-
tres on the surface of the nanoparticles.

In the samples containing STE energy states responsible 
for the luminescence in the red spectral region, carrier capture 
at these levels and carrier relaxation to the ground state have 
characteristic times in the femtosecond range. In the samples 
free  of  STE  states,  excited  carriers  relax  to  the  conduction 
band bottom in a characteristic time of several picoseconds.
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Figure 3. Differential  induced  absorption  spectra  of  two  types  of 
nanoparticles at different delay times.


