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Microscopic Origin of the Fast Blue-Green Luminescence
of Chemically Synthesized Non-oxidized Silicon

Quantum Dots

Katerina Dohnalova,* Anna Fucikova, Chinnaswamy P. Umesh, Jana Humpolickova,
Jos M. J. Paulusse, Jan Valenta, Han Zuilhof, Martin Hof, and Tom Gregorkiewicz

The microscopic origin of the bright nanosecond blue-green photoluminescence
(PL), frequently reported for synthesized organically terminated Si quantum dots (Si-
ODs), has not been fully resolved, hampering potential applications of this interesting
material. Here a comprehensive study of the PL from alkyl-terminated Si-QDs of
2-3 nm size, prepared by wet chemical synthesis is reported. Results obtained on
the ensemble and those from the single nano-object level are compared, and they
provide conclusive evidence that efficient and tunable emission arises due to radiative
recombination of electron—hole pairs confined in the Si-QDs. This understanding
paves the way towards applications of chemical synthesis for the development of

Si-QDs with tunable sizes and bandgaps.

1. Introduction

Silicon quantum dots (Si-QDs) with bright and spectrally
tunable photoluminescence (PL) could constitute a benign
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alternative to toxic, rare, and/or expensive semiconductor
QDs, which are used nowadays in optoelectronics, photonics,
photovoltaics, and bio-imaging. However, i) the most studied
PL from oxidized Si-QDs has very low radiative rates and
is not spectrally tunable and ii) the best understood H-ter-
minated Si-QDs with spectrally tunable PL also exhibit low
radiative rates and are chemically unstable.l'#! Presently, the
most promising candidates for bright silicon-based tunable
emitters are Si-QDs capped with organic molecules such as
alkyl chains. These materials i) can be synthesized in macro-
scopic yields from the gas®#l and liquid phases (supercritical
fluids,®1" micro-emulsion synthesis,'21%] and via reduction—
oxidation processest!’22l); ii) have stable surface passivation
due to the strong covalent Si—C bond, which is resistant to oxi-
dation; iii) do not aggregate;*!! iv) allow for versatile (bio-)
functionalization;?>?3l v) are nontoxic;??* and vi) exhibit
brigth photo-stable blue-green PL with fast decay.l!41525-27]
This PL lifetime, however, is more than three orders of
magnitude faster (~10°-10% s7') than expected for the exci-
tonic emission (~10°-10° s71).l'¥] The situation is even more
complicated, as most of the various molecules (solvents or
chemical compounds), used for or produced by the synthesis
procedure of these materials, show nanosecond emission
in a similar spectral region, and this might overlap or even
dominate the experimentally measured PL.[?8 To investigate
the microscopic origin of the fast blue-green PL in organic-
terminated Si-QDs, we synthesize alkyl-terminated, 2-3 nm
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photograph in Figure 2a. The ensemble absorbance, the PL
spectra and PL lifetime, of the colloidal sample are plotted
in Figure 2b and c, respectively. The absorbance shows spec-
tral profile characteristic for band-to-band absorption. The
PL spectra in Figure 2b were excited at three wavelengths of
320, 350, and 405 nm, indicated by arrows on the absorbance
curve. The spectra are plotted normalized to the absorbance
at the particular excitation wavelength (full areas) or to the
peak intensity (dashed lines). In the first case, the integrated
PL emission is roughly proportional to the external quantum
efficiency (QE). The absolute QE under 370 nm excitation
has been estimated to be ~3.7% (for details, see SI). There-
fore, it follows that the QE under 320 nm excitation would
be <1% and at 405 nm around ~11%. The QE increases with
the size of the Si-QDs, in agreement with the previous studies
of organically capped Si-QDs.! This effect has been previ-
ously interpreted as a result of better passivation of the sur-
face defects in nanoparticles with lower surface curvature.']
The PL spectra normalized to the peak intensity (dashed
lines), show a clear spectral shift with the excitation wave-
length, as a result of the size-distribution, and concomitant
Figure 1. TEM image of butyl-capped Si-QDs with a size distribution of ~ size-dependent optical properties (see also Figure 2a). The
2.2+0.5 nm (inset).

diameter Si-QDs using wet chemistry and
compare the PL of the resulting QDs at a)
the ensemble and single-QD levels.

2. Results and Discussion

2.1. Sample Preparation

Si-QDs terminated by n-butyl were pre-
pared via a wet-chemical method?’ 3.5
adapted from Kauzlarich and co-
workers.'8] The average size of Si-QDs is
D =22 £ 0.5 nm, as estimated by trans-
mission electron microscopy (TEM)
(Figure 1). NMR spectra confirm that
Si-QDs  were prepared un-oxidized
(see Supporting Informationm (SI),
Figure S1-S3). Full characteristics of the
samples can be found in the literature.*
For optical spectroscopy, the free-standing
Si-QDs were dispersed in UV grade eth-
anol. For single-QD spectroscopy, highly
diluted colloids were drop-casted onto a
quartz slide. Fourier Transform infrared
(FTIR) spectra were collected from exten-
sively dried colloids of Si-QDs, redispersed 300 400 500 600 700 800
in CCl, between NaCl crystals. wavelength (nm)
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Figure 2. a) Photograph of PL of the sample under nanosecond-pulsed laser excitation with

2.2. Si-QD Ensemble Photoluminescence 380, 450, 465, 483, and 495 nm wavelengths (from left to right); image credit: M. T. Trinh.

b) Absorbance (red) and PL spectra excited at three different wavelengths by a Xe lamp:

. L 320 nm (dark blue), 350 nm (light blue), and 405 nm (green). The as-measured PL spectra

Size-dependent PL emission of the col- were normalized to absorbance at the relevant excitation wavelength (full areas) and by the

loidal sample under various excita-  PpLemission peak intensity (dashed lines). ¢) PL lifetime at 500 nm under femtosecond-pulsed
tion wavelengths is illustrated by the laser excitation at 370 nm (instrumental response time is ~26 ps).
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decay of PL at 500 nm is plotted in the inset of Figure 2c and
features two components, with time constants of 723 £ 9 ps
and 3.80 £ 0.03 ns. This is in good agreement with the PL life-
time observed in the past for organically terminated Si-QD
samples.[10-14152731] §ych a fast decay cannot be explained by
existing models of excitonic emission in Si-QDs. It has been
suggested in the past that the fast blue-green emission might
occur as a result of -I" recombination.?’ However, due to
efficient competition with carrier cooling, this emission should
be accompanied by the slow (approximately microsecond
decay) red PL from the band-to-band I'-X transitions,???
which is not observed (Figure 2b). Further, a very spectrally
similar blue nanosecond band in oxidized Si-QDs has been
assigned to oxygen-related defect states!® or ultra-small
clusters.?*] This possibility we exclude here by comparison
of the PL spectra for the as-synthesized and oxidized sam-
ples (Figure S4, SI). Moreover, similar PL with fast decay has
been observed independently of the preparation technique
and the type of C-linked surface ligands used,/>?% which
suggests intrinsic excitonic origin. This is supported by the

small

individual QDs in the confocal regime (Figure 3a). A typical
PL decay for a single Si-QD is shown in Figure 3c. A bi-expo-
nential decay function with parameters identical to those
measured for the ensemble in Figure 2¢ (orange curve), con-
voluted with the measured instrumental response function of
the detector, gives an excellent fit to the acquired data (black
curve). This confirms the common origin of the PL from both
single Si-QDs and Si-QD ensembles.

Single Si-QD spectra are known to show characteristic
phonon replicas, occurring as a result of enhanced electron—
phonon coupling, which causes dissipation of the recombina-
tion energy into vibration modes. This has been concluded in
the past for oxidized*! as well as organically capped!!%-3!]
Si-QDs. In this study, we captured in total 1000 PL spectra of
the randomly chosen single Si-QDs. Out of these, 233 exhib-
ited well-defined structure, which we assigned to phonon
replicas. The energy of the involved phonon is found to be
on average ~167 meV (Figure 3d). While in bulk crystal-
line Si, phonon replicas are usually related to vibrations of
the crystalline matrix, in small Si-QDs, due to the enhanced

ultra-small alkyl-terminated Si clusters,3’]
which predict an excitonic origin for PL
and negligible influence of surface ligands
on the optical bandgap. This theoretical
modeling, however, does not explain the
fast radiative rate and does not give any
information on the spectral tunability of
PL from larger Si-QDs, potentially emit-
ting in the visible range and interesting
for applications. In the present case, to
confirm an intrinsic excitonic and exclude
an extrinsic (defect or impurity-related)

ab initio simulations for the UV-emitting
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yet been performed for small blue-green-
emitting Si-QDs synthesized using wet
chemistry. Also the nanosecond lifetime
reported in the past in single-QD spec-
troscopy studies were obtained from red-
emitting ensembles!'] and not for a single
alkyl-terminated Si-QD.

In Figure 3 we show single Si-QD
PL spectra measured in the wide-field
microscopy regime and the PL lifetime of  (orange line).
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Figure 3. a) Schematic sketch of the single-QD spectroscopy setup in wide-field and confocal
regimes. b) Single Si-QD PL spectra, between 450 and 700 nm. Spectra are normalized
and shifted along y-axis. c) Single Si-QD PL lifetime, excited by a picosecond-laser pulse at
405 nm. Signal was detected in a confocal regime microscopy setup (instrumental response
time is ~600 ps). d) FTIR transmission spectrum (black line) compared with histogram of
phonon energy (orange bars) evaluated from structured single Si-QD PL spectra. Distribution
is close to normal; therefore the histogram is fitted with a Gaussian function (blue line). Inset:
Histogram of phonon replica’s FWHM, with normal distribution, fitted with Gaussian function
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influence of the surface, phonon replicas predominantly arise
due to coupling with surface vibrations, usually of higher
energies. This is also observed in the present study. To identify
the involved surface phonon, we compare the replica energy
with the FTIR spectrum of the sample (Figure 3d). The max-
imum of the histogram coincides with the Si-C stretching
vibrational mode at 1260 cm™'. The appearance of this peak,
together with the scissoring Si-C mode at 1459 cm™, con-
firms covalent bonding with C on the Si-QD surface. Other
strong absorption peaks correspond to symmetric and asym-
metric CH, stretching (2873 and 2931 cm™), asymmetric
CH; stretching (2960 cm™), and CH, rocking or wagging
(1024 cm™) vibrational modes. The signal at 1070 cm™' can
be assigned to Si—O-Si or Si—-O-C vibrations (occurring due
to inevitable oxidation, which occurs due to the sample treat-
ment involved in FTIR spectroscopy); however, its negligible
role in PL (Figure 3d) indicates that the major part of the
investigated Si-QDs are not oxidized. This is further sup-
ported by the absence of red PL, which is characteristic of
oxidizied Si-QDs (Figure S4, SI).

The average full width at half maximum (FWHM) of the
PL bands is ~110 meV (inset in Figure 3d),

K. Dohnalova et al.

vibration modes with larger energy. In summary, we conclude
that while on average the Si—C vibration mode dominates the
energy dissipation mechanism, simple assignment of a single
vibration mode to the replica is not possible. The replicas
rather appear as a result of a statistical mixture of various
surface and volume phonons, somewhat different for each
Si-QD size and surface termination.

In agreement with previous observations,*8! the strength
of the electron—-phonon coupling, given by the Huang—Rhys
factor, S, is size-dependent (Figure 4c) and can be addition-
ally modified for smaller Si-QDs by the polarity of the local
environment.[l1S defines an average number of vibration
quanta involved in light emission in a single Si-QD. The
spectrum of a single Si-QD with diameter D shows n rep-
licas (n = 0 for zero-phonon line) with intensities 1(n,S(D))
and can be fitted by a function [(n, S(D)) = M. The
spectral dependence of S in Figure 4c cannot be precisely
established due to the low number of single Si-QD spectra
with a higher number of phonon replicas. Nevertheless, the
general trend of increasing S with reduced Si-QD size can
be recognized, as indicated by the red dashed line (guide to

in agreement with previous findings for
Si-QDs.B136-38] Such a large line-width
was previously explained as being due
to the participation of one or more Si

a) 0.3

phonons in the light emission process."] > 0.2+
However, this explanation does not apply -~
for organically capped Si-QDs, as the g
nanosecond decay time indicates a pho- S 0.1

nonless recombination. Therefore the line fe
broadening is more likely to occur due
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to the fluctuating properties of the envi-

ronment at room temperature. Values of
the phonon energy and FWHM follow a
normal distribution (fitted with a Gaussian
function in Figure 3d) and are both rather
broad—the standard deviation of replica
energies and FWHM is 41 and 30 meV,
respectively. This broadening is largely
influenced by the size distribution. This is
apparent from Figure 4a and b, where the

spectral dependence of both parameters

is plotted. Both the phonon energy and C) ! ' ' ' ' § T
FWHM exhibit a slight linear increase o 16F e-phonon coupling 4
with reduced average Si-QD size, i.e., with 5 L vend
increasing emission energy, which has also g 1.2} ____..--...+§- 4
been observed before for well-defined "‘; | § “____..---
oxidized Si-QDs.*] The size dependence 20.8F ‘+“-"" i
o Thie

of the phonon energy could appear as a o & -? ° % °gd
result of varying contributions of the dif- c0.4f 2 i
ferent vibration modes of the core and 2 | oo @ oo
surface bonds with changing surface-to- 0.0La” L L L L L
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volume ratio. Also the average energetic
distance between the electronic states
increases with reduced Si-QD size, due to
the lower density of states. Therefore, the
energy dissipation in smaller Si-QDs can
take place exclusively with participation of

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

emission energy (eV)

Figure 4. Spectral dependence of the a) phonon energy, b) replica’s FWHM, and c¢) Huang—
Rhys factor. Colored lines in (a,b) are linear fits and in (c) a guide to the eye. Gray arrows
indicate two emission energies, at which the structured single Si-QD spectra were observed
with a higher probability.
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the eye). This has indeed been expected:
For bulk Si, § = 0, and with size reduction
of Si-QDs, S should increase proportional
to D73 or D™* for coupling to volume or
surface vibrations, respectively.l*2l We also
note that additional resonant processes,
such as trapping at defect statesP®! or
resonance of vibration energy with some
of the electronic transitions,***! can
considerably enhance the Huang-Rhys
factor. Such a resonant enhancement
of the electron—phonon coupling might
be the reason for the observed inhomo-
geneity of the abundance of structured
single Si-QD spectra, appearing in con-
trast to homogeneous abundance of all
single Si-QD spectra (Figure 5a). Techni-
cally, these abundances were obtained by
summing up the normalized single Si-QD
PL spectra. For comparison, we show
also the abundance of the spectral posi-
tions of the main replica in the structured
single Si-QD PL spectra (orange bars). It
is clear that the structured spectra occur
mainly around two emission wavelengths
at 580 and 450 nm (also indicated by the
gray arrows in Figure 4), in contrast to
the homogeneous distribution of the non-
structured spectra within the ensemble
PL. This can be also seen from Figure 5b,
where all of the 1000 acquired single PL
spectra are plotted and normalized to
the peak maxima. Similar observations
have been reported for Si-QDs by other
groups.['%3138] Tnhomogeneity in spectral
occurrences of structured single Si-QD
spectra might be related to a complex
size-dependence of the electron—-phonon
coupling strength in small Si-QDs,>3]
as mentioned above, or to polaron for-
mation, caused by a possible resonance
between the electronic states and vibra-
tion energy.[***4 Finally, it is necessary
to mention that such an inhomogeneity
could also occur due to the unfortu-
nate, but difficult to avoid, selectivity of
single-QD measurements, which brings
forward the most bright (and therefore
better resolved) spectra, neglecting those
of lower quality, which are usually in the
majority. The summation of the single
Si-QD spectra and the PL spectrum of
Si-QD ensembles, both excited by a con-
tinuous wave (cw) illumination at 405 nm,
are plotted in Figure Sc. For the sake of

comparison, PL spectra were normalized at 600 nm, where
the spectral profiles appear to be identical. This agreement
indicates that single Si-QDs are photostable and do not
oxidize under heavy UV illumination by a highly focused
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Figure 5. a) Abundances of the single Si-QD PL spectra: non-structured only (gray), structured
only (orange), and all acquired spectra together (black). For comparison, abundance of the
spectral position of the zero phonon replica is shown in the structured spectra (orange
bars). b) All 1000 acquired single Si-QD PL emission spectra (normalized by peak intensity).
¢) Comparison of the PL emission spectra of the Si-QDs ensemble (blue) and summed single
Si-QDs spectra: structured only (orange) and all spectra (black).

0.43 mW cw laser beam (the summed single Si-QD spectra
do not show any significant peak at ~670 nm, where a
strong PL band appears when Si-QDs are oxidized; see SI,
Figure S4).
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Similar spectral positions, lifetimes, and observation
of Si—-C phonon replicas confirm the common origin of the
single Si-QD spectra and the ensemble blue-green PL. All
the observed features provide firm evidence that emission
is related to the Si-QDs themselves, rather than defects,
molecular contaminants, or impurities: i) the characteristic
phonon replicas, ii) their size-dependent behavior, iii) spec-
trally shifting single Si-QD PL spectra, and also iv) negligible
bleaching during measurements, lasting over tens of minutes
(see SI, Figure S5).

3. Conclusion

Ensemble PL from alkyl-terminated Si-QDs occurs in the
blue-green spectral region and has a fast nanosecond life-
time. The single Si-QD spectra feature characteristic of semi-
conductor QDs and are clearly different from those of single
molecules or defect-related emissions. Also the PL lifetime
of single Si-QDs and Si-QD ensembles are identical. Fur-
thermore, the ensemble properties are reproduced by sum-
ming up contributions of individual QDs. Upon oxidation,
PL characteristics change, and become consistent to those
reported in the past for oxygen-terminated Si-QDs pre-
pared, e.g., by co-sputtering.[*’l In view of this evidence we
conclude that the blue-green PL with nanosecond lifetime
is truly intrinsic to Si-QDs. Our study goes beyond simple
comparison of results obtained by different techniques, e.g.,
PL and TEM, as is common in previous investigations of
chemically synthesized Si-QDs. In that way we provide an
unambiguous proof that chemical synthesis is capable of
yielding stable, non-oxidized and alkyl-terminated Si-QDs
exhibiting bright nanosecond emission, tunable in the visible
spectral region.

4. Experimental Section

Synthesis of Si-QDs: Si-QDs of average size (2—3 nm) were syn-
thesized using wet chemistry: magnesium silicide (Mg,Si) was oxi-
dized with bromine (Br,) in refluxing n-octane for 3 days. The formed
bromine-terminated Si-QDs were capped using n-butyl-lithium,
resulting in n-butyl-terminated Si-QDs. The main side-product,
bromo-octane, and other impurities, were removed using silica
column chromatography. For optical spectroscopy, the free-standing
Si-QDs were dispersed in UV grade ethanol. More details on produc-
tion and material characteristics can be found in Ref. [22].

Absorbance, Photoluminescence Spectra, and Lifetime: PL
spectra and absorbance in Figure 2 is measured using a thermoe-
lectric-cooled charge coupled device (CCD) detector (Hamamatsu)
coupled to an imaging spectrometer (M266, Solar Laser Systems).
For excitation a Xe-lamp (150 W, Hamamatsu) (Figure 2b) and
a nanosecond-pulsed laser (optical parameter oscillator (OPO)
system pumped by Nd:YAG (yttrium aluminum garnet), 7 ns
pulse duration, repetition rate 100 Hz) (Figure 2a) are used. The
PL lifetime is measured using femtosecond laser pulsed exci-
tation (Ti-sapphire laser pumped optical parameter amplifier
(OPA), 140 fs pulse duration, repetition rate of 4 MHz). Signal is
detected by a photomultiplier tube (PMT) (Hamamatsu) in a single

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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photon-counting regime (instrumental response time of 26 ps). All
measurements are done at room temperature and are corrected for
spectral sensitivity of the detection systems.

Single-QD Photoluminescence Spectra: Single Si-QD PL spectra
were measured in wide-field microscopy regime (Figure 3a) by a
custom-made set-up based on an inverted microscope (Olympus
IX-71) coupled to an imaging spectrograph (Acton SpectraPro
2300i) with a back-thinned CCD camera (Princeton Instruments
Spec-10:400B). Highly diluted colloidal suspensions of Si-QDs
were drop-casted onto a quartz substrate and placed in the sample
compartment. A single objective lens (100x, numerical aperture
(NA) = 0.8 with working distance of 3-6 mm) was used to focus
the excitation light as well as to collect and image the emitted PL
in an epi-fluorescence configuration. Excitation by the 405 nm
diode laser is sent to the sample through an optical system which
enabled excitation of ~36 um spot. The excitation power density is
variable between 0.03 and 80 W/cm? using neutral density filters.
All spectra were corrected for the spectral response of the appa-
ratus and cleared from hot-spots.

Single-QD Photoluminescence Lifetime: The PL lifetime of indi-
vidual QDs was measured in a confocal regime (Figure 3a) using
inverted confocal microscope system (MicroTime 200, PicoQuant). For
excitation we used picossecond-pulsed diode laser at 405 nm (LDH-
D-C-400B, PicoQuant, 40 MHz repetition rate). The excitation light was
focused by the water immersion objective (60x/NA = 1.2, Olympus)
to the diffraction-limited spot. Light from the nonfocal planes was cut
off by 50 um pinhole placed in the detection plane. Eventually, signal
was detected by a single photon avalanche diode (SPAD) (SPCM-
AQR-14, PerkinElmer) with instrumental response time of ~600 ps.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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