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FIG. 1. Comparison of the experimentally obtained absorption
curve (red circles to the right) with a calculated one (broadening
50 meV) for a� 3 nm diameter Si nanocrystal (green curve) exhibiting
best agreement. The room-temperature photoluminescence spectrum
(PL) of this nanodot is presented as red circles to the left. The PL
peak position is close to the calculated band gap (green peak at
1.88 eV). A typical featureless ensemble absorption [24] is also given
for comparison (dashed line).

from Þtting to the experimental parameters of the bulk material
[29]. The no-phonon optical absorption spectrum in a single-
particle basis was then calculated using FermiÕs golden rule,
where many-body effects are solved using a conÞguration
interaction (CI) approach [3]. Such an approach will help
us to understand the origin of the spectral features observed
experimentally in Si quantum dots. This theoretical method is
summarized in the Supplemental Material and has been tested
extensively over the past two decades for a broad range of
spectroscopic quantities in colloidal as well as self-assembled
nanostructures from the atomistic point of view [3,25Ð30].

In this work, theory and experiment are compared in a
wide spectral range, from the emission peak position to the
highest-energy absorption, pertaining to direct transitions.
This is illustrated in Fig.1 by comparing the measured (red)
and the calculated (green) absorption curves for a� 3 nm
Si nanocrystal. This nanodot has a calculated band gap of

FIG. 2. Left: Cross-sectional TEM image of a silicon nanocrystal
taken along the [110] direction from an SOI sample. Si (111) plane
lattice fringes visible (scale bar 2 nm). Right: Photoluminescence
image of � 50× 50µm2 sample area. Bright points correspond to
luminescence from individual Si quantum dots, formed randomly in
a thinned SOI layer.

� 1.88 eV (green peak), similar to the measured PL peak
position of� 1.86 eV (red peak). Indeed, one can notice a good
agreement over nearly three orders of magnitude in absorption
intensity, where a growing curve with several discernible
steps is predicted and observed experimentally. In this way,
single-dot spectroscopy and atomistic calculations allowed us
here to identify and analyze light absorbing states in indirect
band-gap material nanocrystals.

The samples were fabricated by etching and short oxidation
of silicon-on-insulator (SOI) wafers resulting in close to
spherical, as well as faceted, silicon nanocrystals in an amor-
phous oxide matrix [4,31]. A typical transmission electron
microscopy (TEM) image of such nanocrystals is shown in
Fig.2 (left). Interplane distance analysis reveals no signiÞcant

FIG. 3. Typical (top) room-temperature and (bottom) low-
temperature photoluminescence (linewidth indicated) and absorption
spectra of two different individual silicon quantum dots. Four steps
on the absorption curves can be distinguished and the black line is a
Þt based on four Gaussians (see text).
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FIG. 5. Projections of the calculated conduction band states to
bulk directlike Bloch functions for a 2.6 × 2.6 × 3 nm Si nanodot in
oxide matrix. The intermixing of� andX components is stronger for
higher energy.

of the envelope functions with orbital angular momentum 0,
1, and 2 for holes and electrons in a silicon quantum dot). The
next broad peak at� 2.65 eV partially consists of thePh � De
family of transitions. Higher-energy states of such nanodots
were not analyzed in detail as they appear to consist of several
mixed transitions from numerous, densely spaced electron
and hole states. These states are highly quasidegenerate [25],
and transitions between different sublevels result in broad
experimental peaks (shown as a dashed line in Fig.4, right),
limited by the probe energy resolution and thermal broadening.

When analyzing these results we Þrst notice that the
absorption is very weak in the vicinity of the emission line (cf.
Fig. 3). Indeed, the signal count rate for red light excitation
was about two orders of magnitude lower than for blue light
excitation, requiring a much longer time to get a measurable
signal. To understand the nature of the absorbing states we
calculated the conduction state wave-function projections to
bulk Bloch functions (see the Supplemental Material). Since
the initial valence band states are mostly localized around the
� point, the� component of these projections represents the
direct band-gap character of the transitions (Fig.5). Indeed,
the levels close to the emission energy retain the indirect nature
of the bulk� �

25-� 1 band gap (only� 10Š3 admixture of the�
component), while at higher energies a strong intermixing ofX
and� states occurs (up to 30%). This situation is different from
direct band-gap quantum dots, where strong direct band-gap
related absorption peaks are located right next to the emission
line [12Ð14].

This fact has a positive effect for the application of Si
nanocrystals as phosphors in white-light emitting devices

[16]. Indeed, from Fig.3 one can see that within at least
� 300 meV next to the emission peak (� 110 nm for 1.8 eV)
Si nanocrystals are nearly absorption free. The optimum
positions of the trichromatic source for the generation of
white light with a high color rendering index are at 450,
540, and 610 nm [33]. While the blue light in most modern
white light-emitting diodes (LEDs) comes from an (In)GaN
diode, the red and green bands originate from light converting
phosphors. The� 70 nm difference between the red and
green bands is well within the poor absorption interval of Si
nanocrystals. Thus the reabsorption for the green-red phosphor
combination, which is a common problem for direct-band-
gap nanocrystals [34], can be signiÞcantly reduced. Second,
quantum dots have been recognized as superior biomarkers
for multiplexing applications in biolabeling [35]. Here we
note that the absorption at high energies is quite strong for
Si nanocrystals due to the direct band-gap character admixture
(Fig. 5), regardless of the emission energy, as shown recently
for ensembles of ligand-passivated Si nanocrystals [36]. Such a
large Stokes shift makes these nanoparticles good candidates
for this application, considering the high natural abundance
and the low toxicity of silicon.

In conclusion, we have measured absorption spectra of
individual silicon nanocrystals in the visible range and found
an energy structure consisting of several broad peaks, suc-
cessfully reproduced by atomistic calculations. The origin of
some peaks was identiÞed as a convolution of transitions from
different electron and hole states, including corresponding
sublevels. The physics revealed by this single nanodot study
of silicon is that the absorption states next to the emission
level are still of an indirect band-gap nature, while at higher
energies some intermixing with direct band-gap states occurs.
For the application part, this large Stokes shift makes silicon
nanocrystals attractive as phosphors and biolabels, where
material abundance and nontoxicity are clear advantages.
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Supplemental Material 
 

Single-dot Absorption Spectroscopy and Theory of Silicon Nanocrystals 

 
Ilya Sychugov, Federico Pevere, Jun-Wei Luo, Alex Zunger, Jan Linnros 

 

A. Experiment: Silicon nanocrystals in an oxide matrix were produced by plasma etching 

and oxidation of low-doped silicon-on-insulator (SOI) wafers at 900oC for 30 seconds. It was 
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increase the signal-to-noise ratio, results of two separate spectral scans were averaged. To 

acquire photoluminescence spectrum of a nanocrystal, the emitted light was dispersed in a 

spectrometer (Andor Shamrock) and recorded with the same CCD camera. 

 

To extract the energy dependence of the absorption cross-section σ (cm2) from the measured 

PL intensities, first we note that for a quantum dot below saturation the measured signal rate 

Idet (counts/sec) is directly proportional to the excitation photon flux Φexc (photons/cm2/sec): 

 

excdet DQYI Φ⋅⋅⋅σ=                                                   (1), 

 

where QY is the nanocrystal quantum yield and D is the system detectivity (counts/photon). 

We have experimentally verified the linearity of the signal rate dependence on the excitation 

power for the studied nanocrystals both at room and at low temperatures. Second, according 

to the Kasha-Vavilov rule, the quantum yield is excitation energy independent in this energy 

range, as it was recently verified experimentally for ligand-passivated Si nanocrystals [21]. 

Finally, the system detectivity is also a constant in this respect, since we detect the same 

emission line for all the excitation energies E. Thus the only varying parameters, which 

contribute to the energy dependence of the absorption cross-section σ (E), are the detected PL 

intensity Idet (E) and the excitation photon flux Φexc (E):  

 

)E(
)E(I

~)E(
exc

det
Φ

σ                                                             (2). 

 

To obtain luminescence decay and rise times, necessary to find absolute values of the 

absorption cross-section, a modulated 405 nm laser diode (Omicron) was used for the 

excitation. In this experiment the photoluminescence signal was collected by an avalanche 

photodiode (ID Quantique) connected to another output port of the same microscope [S1]. In 

general, it can be shown from population rate equations that the luminescence rise rate Γrise is 

directly proportional to the excitation photon flux Φexc [
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where the crystal potential of the NC plus its matrix are both described as a superposition of 

atomic screened (semi-empirical pseudopotential) potentials υα of atom type at each atomic 

site Rα,n within the lattice site n: V(r) =∑
α

αα −ν
n,

n, )( Rr . The pseudopotentials υα are fitted 

to experimental transition energies, effective masses, and deformation potentials of the bulk 

material [28]. This atomistic empirical pseudopotential method takes into account inter-band 

coupling, inter-valley coupling (coupling between different parts of the Brillouin zone), and 

spin-orbit coupling. Although bulk Si has a very small spin-orbit interaction reflecting as 

small spin-orbit energy of 44 meV and its effect on the calculated spectra is expected to be 

negligible, in our atomistic calculations we still include the treatment of spin-orbit interaction. 

Because the continuum k∙p effective mass approaches are extensively used in nanoscience and, 

in fact, the atomistic features of nanostructures usually play important roles in inter-band and 

inter-valley coupling, here we use “atomistic theory” term to emphasize the difference 

between our method with continuum k∙p effective mass approach. 

 

The no-phonon optical absorption spectrum   in single-particle basis is calculated, given 

the dipole transition matrix , according to the Fermi-golden rule: 

 

                           (5). 

 

 Here  is the transition energy from hole state  to electron state c, m0 is the free-

electron mass, and e is the free-electron charge, and  represents the spectral line broadening. 
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Hυc,υ’c’ = < Φυ,c |HCI | Φυ’,c’ > = (εc – εv)δυ,υ’ δ c,c’ – J υc,υ’
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For the modelling of matrix a fictitious, lattice-matched barrier material having a wide band 

gap and large type-I band offsets with respect to bulk Si was introduced. Hence, the Si QDs 

calculated in this paper are a strain- and defect-free system relevant to the probed here 

optically active strain-free nanocrystals 
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