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ORIGINAL ARTICLE

Surface brightens up Si quantum dots: direct
bandgap-like size-tunable emission
Kateřina Dohnalová1, Alexander N Poddubny1,4, Alexei A Prokofiev1,4, Wieteke DAM de Boer1,
Chinnaswamy P Umesh2, Jos MJ Paulusse2,5, Han Zuilhof2,3 and Tom Gregorkiewicz1
Colloidal semiconductor quantum dots (QDs) constitute a perfect material for ink-jet printable large area displays, photovoltaics,
light-emitting diode, bio-imaging luminescent markers and many other applications. For this purpose, efficient light emission/
absorption and spectral tunability are necessary conditions. These are currently fulfilled by the direct bandgap materials. Si-QDs
could offer the solution to major hurdles posed by these materials, namely, toxicity (e.g., Cd-, Pb- or As-based QDs), scarcity (e.g., QD
with In, Se, Te) and/or instability. Here we show that by combining quantum confinement with dedicated surface engineering, the
biggest drawback of Si—the indirect bandgap nature—can be overcome, and a ‘direct bandgap’ variety of Si-QDs is created. We
demonstrate this transformation on chemically synthesized Si-QDs using state-of-the-art optical spectroscopy and theoretical
modelling. The carbon surface termination gives rise to drastic modification in electron and hole wavefunctions and radiative
transitions between the lowest excited states of electron and hole attain ‘direct bandgap-like’ (phonon-less) character. This results
in efficient fast emission, tunable within the visible spectral range by QD size. These findings are fully justified within a tight-binding
theoretical model. When the C surface termination is replaced by oxygen, the emission is converted into the well-known red
luminescence, with microsecond decay and limited spectral tunability. In that way, the ‘direct bandgap’ Si-QDs convert into the
‘traditional’ indirect bandgap form, thoroughly investigated in the past.
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INTRODUCTION
Compared to brightly emitting organic molecules, which are presently
used in a wide variety of applications, quantum dots (QDs) are more
robust, have larger absorption cross-sections and their emission wavelength can be tuned by size, and thus offer optical and chemical advantages. Silicon, being non-toxic and abundant, eliminates most of the
drawbacks commonly found for the direct bandgap materials, and
therefore provides an excellent benign and cheap solution for these
issues. One major drawback—the indirect bandgap, and therefore,
low probability of radiative recombination (radiative rate), is only
partially overcome in Si-QDs by quantum confinement.1–4 The most
frequently investigated Si-QD systems are H-terminated, with wide
spectral tunability but chemically instable and prone to oxidation,5–7
and O-terminated, with excellent optical and chemical stability, but
limited tunability and low radiative rates (krad5104–106 s21).2,3 More
versatile surface engineering and customisable organic termination
can be achieved by chemical synthesis,8–11 which also could allow
for macroscopic production yields of Si-QDs.12 In this case, alkylchains are good candidates for surface passivation, stabilizing it, preventing photo-oxidation (owing to formation of a strong covalent

Si–C bond), and averting aggregation in solution.8 In the past, optical
investigations of chemically synthesized Si-QDs have revealed nanosecond emission tunable in the visible.12–16 However, the microscopic
origin of this emission has been a matter of debate due to: (i) diversity
of results obtained by different groups (see, e.g., the introductory
remarks in Ref. 11); (ii) the fact that emission characteristics of many
organic solvents and compounds used for, or being produced, in the
synthesis are very similar to the presumed Si-QD emission;17,18 (iii)
difficulties to assess the size effects on optical properties due to lack of
techniques for synthesis of batches with well-defined sizes; (iv) lack of
theoretical models for larger organically terminated Si-QDs that could
correlate size and surface effects with the observed fast emission rates
and emission spectra (ab-initio calculations being available only for
ultra-small alkyl-terminated nanoclusters with dQD,1.5 nm).19
In this work, we present results of optical spectroscopy investigations of chemically synthesized alkyl-capped Si-QDs. These SiQDs show photoluminescence (PL) tunable in the visible range with
nanosecond decay. By thorough analysis, we provide conclusive evidence that this very characteristic emission originates from no-phonon
radiative recombination of electron-hole pairs (excitons) confined in
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the core of Si-QDs. In order to justify this identification, the optical
properties of C-terminated Si-QDs are modelled within an sp3d5s*
empirical tight binding approximation. We show that the carbon layer
at the surface modifies electron and hole wavefunctions, dramatically
increasing the radiative rate of no-phonon recombination to the level
characteristic for direct bandgap materials. In order to conclusively
confirm the proposed identification, and also to explore the possibility
of influencing QD emission by surface termination, we explicitly demonstrate that upon oxidation, the observed fast blue PL transforms
into the well-known, slowly decaying red emission band, in a similar
way as demonstrated in the past for H-terminated Si-QDs.5 This transformation complements and also validates earlier demonstrations that
replacement of O-termination of the Si-QD surface by alkyl groups
blue-shifts the slow red emission and enhances its rate.20 In that way,
we convincingly demonstrate that Si-QDs constitute a viable, truly
benign and environmentally friendly replacement for the currently considered heavy metal (Cd, Pb) QDs, with no compromise to optical
properties. On the fundamental side, the current finding proves that
in semiconductor QDs, both the energy and the structure of the bandgap can be effectively manipulated.
MATERIALS AND METHODS
Si-QDs were prepared via a wet-chemical method10 adapted from
Kauzlarich and co-workers.21 Magnesium silicide (Mg2Si) was oxidized with bromine (Br2) in refluxing n-octane during 3 days.
Formed bromine-terminated Si-QDs were passivated using n-butyllithium, resulting in n-butyl-terminated Si-QDs. The main side

product, bromo-octane, and other impurities, were removed using
silica column chromatography, yielding approximately 50 mg of a
brown/orange, waxy material. Butyl-terminated Si-QDs are photostable and freestanding. This type of synthesis produces typically SiQDs with average diameter of dQD52.260.5 nm. For spectral analysis,
the Si-QDs are dispersed in ultraviolet grade ethanol. Further details
on the sample material preparation and characterisation can be found
in Ref. 10 and Supplementary Information.
PL emission spectra in Figures 1 and 2 have been measured using
thermoelectric-cooled charge-coupled device (Hamamatsu) coupled
to an imaging spectrometer (M266, Solar Laser Systems). For excitation, we used Xe lamp (150 W, Hamamatsu; Figure 1c) and ns-pulsed
laser (OPO system pumped by Nd:YAG, 7 ns pulse duration, repetition rate 100 Hz; Figures 1a and 2a). The PL lifetime (Figures 1b and
2b) was measured using aforementioned ns-laser pulsed excitation
and fs-laser pulsed excitation (Ti-sapphire laser pumped Optical
Parametric Amplifier, 370 nm, 140 fs pulse duration, repetition rate
of 4 MHz). Signal was detected by PMT (Hamamatsu) in a timecorrelated photon-counting regime (instrumental response time of
26 ps). All measurements were done at room temperature and spectra
are corrected for spectral sensitivity of the detection system.
RESULTS AND DISCUSSIONS
The absorption and emission characteristics of the synthesized QDs
are shown in Figure 1. Figure 1a displays different colours of PL
obtained upon different excitation energies, with the corresponding
PL spectra shown in Figure 1c. Figure 1b shows characteristic fast PL
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Figure 1 Tunable PL of butyl-terminated Si-QDs. (a) Real colour photos of Si-QDs upon different excitations, indicated in the photo and in (c) also by coloured arrows.
(b) Fast ,4 ns PL lifetime detected at ,2.6 eV (black, left vertical axis) and spectral dependence of PL decays (blue, right vertical axis). (c) The corresponding PL
spectra of the Si-QDs (left vertical axis) plotted together with optical density (right vertical axis). The PL spectra are corrected for response of detection, excitation
intensity and absorption at each particular wavelength (thick colour lines) and normalized (thin dotted colour lines). PL, photoluminescence; QD, quantum dot.
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Figure 2 PL from C- and O-terminated Si-QDs. (a) PL spectra of C-terminated (green), partially oxidized (orange) and heavily oxidized (red) Si-QDs. The oxidized
sample shows two contributions around 1.85 and 2.4 eV, whereas the C-terminated shows only the latter band. The inset shows a sketch of the optically excited spot
(blue) and the photo-oxidized area (red). (b) PL dynamics recorded at 1.85 eV (red) with decay tPL<12 ms and at 2.4 eV with decay of tPL<4 ns. (c) Schematic
illustration of carrier recombination processes giving rise to the microsecond decaying PL band around 1.85 eV, and the nanosecond decaying band centred at 2.4 eV.
The former is related to carriers trapped at an O-related defect state at the surface of the QD, while the latter corresponds to the QD core-related recombination. PL,
photoluminescence; QD, quantum dot.

dynamics, detected at ,2.6 eV (black), and spectral dependence of PL
decays (blue). The PL spectra in Figure 1c feature a broad band, with
its maximum intensity shifting from ,2.75 eV for the highest photon
energy excitation down to ,2.2 eV for the lowest excitation, as a result
of excitation energy-induced QD size selection. The observed spectral
shift results from a combination of size dependencies of bandgap
energy, absorption cross-section and radiative rate. The optical density of the sample shows a gradual increase for higher photon energies
(Figure 1c, grey). While the fast PL lifetime cannot be explained using
existing excitonic models, both spectral features—the broad tunability
of the PL spectrum and the optical density characteristic for band-toband transitions in semiconductor—are typical for an ensemble of
QDs with broad size distribution and suggest excitonic origin of PL.
Another demonstration for the excitonic origin of the PL band was
obtained by single QD spectroscopy performed on the synthesized
materials (for more details, see Supplementary Information and Ref.
22). These investigations revealed characteristic single Si-QDs PL
spectra with phonon replicas which could be related to vibration of
covalent Si–C bonds on the Si-QDs surface. Single Si-QDs show spectral shifting, characteristic intermittency, negligible bleaching and the
same effective PL lifetime as that of the Si-QDs ensemble reported
here, thus are fully consistent with the PL results shown in Figure 1.
In order to conclude that the PL displayed in Figure 1 originates
from excitons recombining at QD core-related levels, we explored the
possibility of replacing the C-termination by oxygen, by which the
system transforms into the well-known and thoroughly characterized
O-terminated Si-QDs. This is achieved by exposure of butyl-terminated Si-QDs (PL spectrum and decay from Figure 1 shown by the
green line in Figure 2a and 2b, respectively) to oxygen under intense
illumination with a pulsed UV laser beam (Eexc54.4 eV) with
Gaussian intensity profile for different durations of time. Within 30
min, the intensity of the originally blue-green band decreases and
another PL band appears in the red, around ,1.85 eV (Figure 2a,
orange line). Spectral position and lifetime tPL<12 ms (Figure 2b, red

line) of this red band are characteristic for O-passivated Si-QDs of this
size.23 The red band is particularly known to dominate for smaller
(about 2–3 nm) O-terminated Si-QDs, where efficient ultrafast trapping of excited carriers on surface states disables recombination of
excitons from QD core-related states5,24 (see Figure 2c for schematic
illustration). When the oxidation procedure is extended for another
30 min, the intensity of the red emission at EPL<1.85 eV increases
even more, accompanied by further decrease of the blue-green band
(Figure 2a, red line). The remaining blue-green band originates from
non-oxidized Si-QDs within the low-intensity edges of the excitation/
oxidation laser beam, observable by eye as a bluish halo to the brightly
red emitting spot in the centre (see sketch in Figure 2a). This experiment demonstrates then that the QD surface termination can be
altered via very simple procedure, by which spectral and temporal
characteristics of emission can be very easily effectively adjusted. In
the past, the reverse possibility of converting O- into C-termination
(e.g., alkyl-capping) has been demonstrated for differently prepared
Si-QDs.11,20 Therefore, the present result provides the most direct
evidence that the observed blue-green fast emission appears due to
excitonic recombination in the Si-QDs, rather than from possible
residue products in the solvent. Also absence of the red band in the
original blue-green PL spectrum illustrates that the alkyl-terminated
Si-QDs were not oxidized during or after the synthesis.
As clear from the above, our experimental findings prove beyond
reasonable doubt that the fast blue-green PL arises due to band-toband recombination of electrons and holes confined in the Si-QD
core, and that Si-QD emission can be drastically changed by different
surface terminations. In order to justify the nanosecond decay and the
spectral profile of the PL signal, we have conducted theoretical modeling of the optical bandgap (Figure 3b) and radiative rate (Figure 3d)
of CH3-terminated Si-QDs of sizes between 1.8 and 4 nm. This has
been done using an sp3d5s* empirical tight binding technique with
the nearest neighbor interactions (for details, see Supplementary
Information).
Light: Science & Applications
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Figure 3 Comparison of the experimental results with the theoretical modeling. (a) Size distribution of CH3-terminated Si-QDs, obtained from HRTEM measurements.
(b) Tight-binding simulation of the optical band-gap in H- (grey dots) and CH3-terminated (green dots) Si-QDs, compared with theoretically obtained optical bandgap
for H-terminated Si-QDs adapted from Ref. 5 (grey line), and experimental results of optical bandgap in oxidized Si-QDs adapted from Ref. 23 (red triangles). Dashed
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PL spectrum (green-shaded area) and red PL band from oxidized Si-QDs (red-shaded area). (c) PL emission peaks from Figure 2a for the alkyl-terminated (green) and
oxidized Si-QDs (red). (d) Radiative recombination rates calculated by tight-binding technique for H- (grey dots) and CH3-terminated (green dots) Si-QDs (dashed lines
are guide to the eye). For comparison, the experimentally measured radiative rates for alkyl-terminated Si-QDs are shown (green triangles), together with PL lifetime of
oxidized Si-QDs (red triangles). Orange-shaded area depicts range of radiative rates typical for direct bandgap materials. HRTEM, high-resolution transmission
electron microscopy; PL, photoluminescence; QD, quantum dot.

Figure 3b shows Si-QD size dependence of the optical bandgap. For
H-terminated Si-QDs, our model (grey dots) is in excellent agreement
with previous reports (Ref. 5—grey line). For C-terminated Si-QDs,
the simulation reveals that the QD-size dependence of optical bandgap
(green dots) is practically identical as for H-terminated Si-QDs, evidencing that the energy of the optical bandgap of Si-QDs is only
marginally influenced by the C-termination. This conclusion agrees
with the findings obtained by ab-initio calculations for ultrasmall
C-terminated clusters.19 Our calculations also correlate very well with
the experiment: there is an excellent agreement between the model
(green dots) and the cross-section (thick green line) of the full width at
half-maximum range of the experimentally measured PL spectrum
(green-shaded area, based on Figures 2a and 3c—green lines) and
the full width at half-maximum of the QD size distribution (blueshaded area, based on Figure 3a), obtained from transmission electron
microscopy measurements. Concomitantly, the cross-section (thick
red line) for the QD size distribution (blue-shaded area) within range
of the red PL band for the oxidized QDs (red-shaded area, based on
Figures 2a and 3c—red line) agrees well with the size-dependence
trend found experimentally for O-passivated Si-QDs (Ref. 23—red
triangles). The slightly blue-shifted position of this cross-section area
with respect to the experimental trend could be an indication of a
small decrease in core diameter during the photo-oxidation. The weak
size dependence of this O-related defect emission also suggests that the
red emission band should be much narrower than the original
excitonic blue-green emission band, again in an excellent agreement
with the experimental findings. In this way, the QD surface oxidation
Light: Science & Applications

scenario and the QD size tunability of the PL for the C-terminated
QDs are fully confirmed. Interestingly, the spectral width of the red
emission band is much narrower than usually observed for samples
prepared by other techniques, such as electrochemical etching, ion
implantation, sputtering or plasma synthesis (see e.g., Refs. 25–27
for the typical size broadening). This demonstrates that the size distribution of Si-QDs prepared by chemical synthesis can be better
controlled, illustrating directly yet another advantage of this approach.
Figure 3d shows the radiative rates calculated for transitions
between the highest valence and the lowest conduction band state
(HOMO–LUMO transition) in H-terminated Si-QDs (grey dots)
and CH3-terminated Si-QDs (green dots) in ethanol for sizes between
1.8 and 4 nm. Orange-shaded area depicts the range of radiative rates
typical for direct bandgap materials, such as CdSe, PbSe or GaAs. For
CH3-terminated Si-QDs, direct bandgap-like radiative rates of
krad<107–108 s21 are found, whereas for H-terminated Si-QDs, the
rates are krad<104–106 s21, in agreement with previous estimations by
other approaches.2,3,6 In order to experimentally verify this theoretical
result, the lower limit for the radiative rates has been estimated from
the effective PL lifetime teff and the absolute external quantum efficiency gext, via relation krad(dQD)<gext/teff(dQD) (for details, see
Supplementary Information). The absolute quantum efficiency has
been measured using an integration sphere technique, following the
method described in Refs. 27 and 28. Using the experimentally
obtained values teff<3–4 ns and gext<4%, we arrive to krad<107 s21
(Figure 3d, green triangles). Evidently, this value is in an excellent
agreement with the tight-binding simulations (green dots). For
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comparison, we also added the PL lifetime data, as measured for the
oxidized Si-QDs (red triangle).
The fast radiative rates of excitonic recombination in C-terminated
QDs can be explained in terms of distribution of the electron and hole
densities jYj2 in the lowest excited state in the real and the k-space
(Figure 4 and Supplementary Fig. S5). Strong sensitivity to the surface
modification is a typical feature of covalent semiconductors, like Si.29
According to our tight-binding simulations, the presence of alkyl
chains leads to the increased confinement of the electrons at the QD
surface, since the diagonal energies of carbon atoms are smaller than
those of Si atoms, by approximately 3 eV (for details, see
Supplementary Information). Stronger surface confinement broadens
the k-space distribution of the wavefunction, so that the electron
density in the lowest excited state (corresponding in bulk Si to the
state positioned in the D valley in k-space, close to the X-point)
extends up to the C-point (Figure 4, right upper panel).
Consequently, the probability of radiative no-phonon transitions
grows as compared to both H-terminated Si-QDs (left upper panel),
where electron and hole have different positions in k-space, rendering
radiative recombination to be phonon-assisted, and O-terminated SiQDs (Figure 4, middle upper panel) where electron-hole recombination involves O-related defect centres. In particular, the overlap
between electron and hole densities along C–X direction only (left
and right upper panels of Figure 4) is about six times larger in CH3terminated Si-QDs than in H-terminated ones, reflecting the direct
bandgap-like character of the transition. Full tight-binding calculation
provides even larger enhancement: the calculated coordinate matrix
element ,hjxje. between the lowest confined states equals to
,10210 cm for H-terminated Si-QDs and ,30310210 cm for CH3terminated Si-QDs. In view of past reports on fast emission in Si-QDs,
it should be noted that this situation is very different from the

frequently invoked bulk-like C–C recombination from hot carrier
states in oxidized Si-QDs26 and for alkyl-capped Si-QDs.30
In addition to the increased radiative rates, our calculations predict
also enhancement of the band-edge absorption cross-section, when
compared to H- and O-terminated Si-QDs (Supplementary Fig. S6).
Since this concerns the low photon energy ‘solar spectrum’ range,
these Si-QDs might be attractive for applications in photovoltaics.
Interestingly, despite dramatic enhancement in radiative rate and
absorption cross-section near the band-edge, absorption spectrum
profile at the band-edge remains featureless (Figure 1c), in contrast
to typical direct bandgap materials such as CdSe, GaAs or PbSe. This
probably results from the size dispersion and also from the relatively
low density of the ‘direct bandgap-like’ states (Supplementary Fig. S7),
when compared to typical direct bandgap materials.
CONCLUSIONS
We demonstrate a direct bandgap variant of Si-QDs—material with
broadly tunable excitonic emission in the visible range, with the radiative rate enhanced about 102–103 times when compared to the smallest H- or O-terminated Si-QDs, and about 105 times compared to
bulk Si. In particular, using optical spectroscopy of the state-of-the-art
synthesized alkyl-terminated Si-QDs and theoretical modelling, we
show that C-linked molecules cause dramatic modification of the
Si-QD energy structure, leading to phonon-less character of excitonic
recombination close to band edges. We confirm our conclusions by
demonstrating that replacing C- by O-termination leads to the wellknown slow red emission, with about 103 times lower radiative rate.
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20 Kůsová K, Cibulka O, Dohnalová K, Pelant I, Valenta J et al. Brightly luminescent
organically capped silicon nanocrystals fabricated at room temperature and
atmospheric pressure. ACS Nano 2010; 4: 4495–4504.
21 Yang CS, Bley RA, Kauzlarich SM, Lee HW, Delgado GR. Synthesis of alkyl-terminated
silicon nanoclusters by a solution route. J Am Chem Soc 1999; 121: 5191–5195.
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