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Alkyl-terminated silicon nanocrystals (Si NCs) are synthesized at room temperature by
hydride reduction of silicon tetrachloride (SiCly) within inverse micelles. Highly
monodisperse Si nanocrystals with average diameters ranging from 2 to 6 nm are produced by
variation of the cationic quaternary ammonium salts used to form the inverse micelles.
Transmission electron microscopy (TEM) imaging shows that the NCs are highly crystalline,
while FTIR spectra confirm that the NCs are passivated by covalent attachment of alkanes,
with minimal surface oxidation. UV-Visible absorbance (UV-Vis) and photoluminescence
spectroscopy (PL) show significant quantum confinement effects, with moderate absorption in
the UV spectral range, and a strong blue emission with a marked dependency on excitation
wavelength. The photoluminescence quantum yield (®) of the Si NCs exhibits an inverse

relationship with the mean NC diameter, with a maximum of 12 % recorded for 2 nm NCs.
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Semiconductor nanocrystals (NCs) or quantum dots have been extensively studied over the

1. Introduction

last 25 years since their size-dependent optical and electronic properties make them useful
materials in applications ranging from biological imaging to optoelectronic devices.! More
recently, research interest in the preparation of size monodisperse, oxide-free silicon NCs (Si
NCs) has been steadily increasing, as the momentum requirements due to the indirect band
gap structure of bulk Si are relaxed in the 1-5 nm size range as a result of quantum
confinement effects.!?! This allows for the excellent optical and electronic properties typical of
group 1l1-V and 11-VI materials, such as size-tunable and narrow luminescence and high
guantum vyields, to be combined with the richness of silicon surface chemistry. In addition,
group IV materials such as silicon are also nontoxic, highly abundant, biocompatible,
electrochemically stable, and compatible with standard CMOS processing methods used by

the microelectronics industry.

A large variety of both physical and chemical methods have been reported for the preparation
of Si NCs, including physical and chemical vapor deposition,” thermal annealing,™ laser
induced-heating of gaseous precursors,® electrochemical etching of crystalline silicon
wafers,®! thermal decomposition of silane precursorst”? and the reduction of silicon halides by
various reducing agents.’*¥ The use of inverse micelle templates for preparation of a wide
range of nanocrystals such as metals, and semiconductor materials has been widely reported,
as the nucleation and growth kinetics of both 0-D and 1-D nanostructures may be controlled
depending on the molecular structure of the surfactant and reaction conditions used.!*® The
preparation of Si NCs by reduction of silicon halide by LiAIH, within inverse micelles was
first reported by Wilcoxon et al., which resulted in 2 — 10 nm Si NCs with hydrogenated

surfaces.™! This method was later refined by Tilley and co-workers, who improved the
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stability of the as-synthesized nanoparticles by further modification of the nanocrystal surface
using a Pt-catalyzed hydrosilylation process to form chemically robust Si—C bonds on the
surface.'? This surface modification strategy both chemically passivates the nanocrystal
surface to prevent oxidation, and allows for Si NCs to be derivatized with a variety of surface
functionalities.'***1 More recently, alkyl trichlorosilanes have been utilized as both reductant
and ligand, resulting in formation of both alkyl- and alkene-functionalized Si NCs.% while
microemulsion synthesis methods for preparation of high quality, size monodisperse Si NCs
are well established, to the best of our knowledge, no studies have been carried out on the
effect of the surfactant structure in determining the size and shape the resultant Si NCs. Here
we report a simple method for the size controlled synthesis of Si NCs within inverse micelles
having well defined core diameters ranging from 2 to 6 nm. Regulation of the Si NCs size was
achieved by variation of the cationic quaternary ammonium salts used to form the inverse
micelles. Through controlling the size of the nanocrystals, their resulting photoluminescence

properties could be tuned.

2. Results and Discussion
Alkyl-terminated Si NCs were synthesized by room temperature reduction of silicon

tetrachloride by lithium aluminum hydride under inert atmosphere; see Experimental Section
for further details. Figure 1 shows low magnification transmission electron microscope
(TEM) images of Si NCs prepared in the presence of the cationic quaternary ammonium salts
tetraoctyl ammonium bromide (TOAB), tetrabutyl ammonium bromide (TBAB),
cetyltrimethyl ammonium bromide (CTAB), didodecyldimethyl ammonium bromide (DDAB),
dodecyltrimethyl ammonium bromide (DTAB) and tetradodecyl ammonium bromide (TDAB),
see Figure S.1 of the Supporting Information for chemical structures of these surfactants.
TEM imaging of Si NCs synthesized in the presence of TOAB as the surfactant template
(Figure 1(a)) show that the Si NCs are highly size and shape monodisperse, with no evidence
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of aggregation. Inset in Figure 1(a) is a histogram of NC diameters, determined by analysis of
TEM images of ca. 200 NCs located at random locations on the grid. Fitting the histogram to
a Gaussian model yielded a mean diameter of 1.9 nm, with a standard deviation of 0.3 nm,
closely matching with the (111) interplanar spacing of bulk silicon, emphasizing the highly
size monodisperse nature of the NCs. This is in good agreement with reports published by
both Tilley™ and Zuilhof!*® and co-workers, who used TOAB as the surfactant for the
synthesis of Si NCs. Replacing TOAB with either TBAB and CTAB resulted in an increase in
the mean NC diameter to 2.5 £ 0.3 nm and 2.6 + 0.3 nm respectively, without a concomitant
increase in size dispersity, see Figures 1(b) and 1(c). Si NCs synthesized in the presence of
DDAB (3.0 nm) and DTAB (4.0 nm) were found to be larger in size and more irregular in
shape, with a standard deviation of 0.9 nm, see Figures 1(d-e). The largest NCs (5.8 £ 1.8 nm)
were obtained when TDAB was employed as the surfactant, though this was accompanied by

a significant increase in size and shape polydispersity.
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Figure 1. Representative TEM images of the Si NCs synthesized in the presnce of the
following surfactants: a) TOAB, b) TBAB, c), CTAB, d) DDAB, e) DTAB, and f) TDAB.
Inset: Size histograms of the Si NCs with curves fit to the data using a Gaussian model.
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High-resolution TEM (HR-TEM) imaging was used in conjugation with selective area
diffraction (SAED) to confirm the crystallinty and establish the crystal phase of the as-
synthesized NCs; see Figures 2(a-b)), respectively. HR-TEM imaging of Si NCs produced
using DTAB (Figure 2(a)) as the surfactant showed that the Si NCs form a single contiguous
crystalline phase, without the presence of packing defects. The lattice fringes shown in Figure
2(a) correspond to a d spacing of 1.2 A, matching the (331) spacing reported for the silicon
unit cell. Selected area diffraction (SAED) patterns of the Si NCs, see Figure 2(b), shows
rings consistent with the diamond lattice of Si; (111) at 3.14 A, (200) at 1.92 A, (311) at 1.68
A and (400) at 1.31 A, see Supporting Information, Table S.1. Figure 2(c) shows the energy
dispersive X-ray (EDX) spectrum, where the Si peak corresponding to the presence of the
NCs is evident. Other elemental peaks assigned to the presence Cl and Ca are probably due to

solvent artefacts, while the Cu peaks are due to the carbon-coated copper grid.
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Figure 2. a) HR-TEM, b) SAED pattern, and c) EDX profile of the silicon nanocrystals
synthesized with DTAB as the surfactant.
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The surface chemistry of the Si NCs was characterized by infrared spectroscopy (see Figure
S.2, Supporting Information) to identify the terminal moieties on the nanocrystal surface.
Figure S.2 (see Supporting Information) shows the spectrum obtained for Si NCs synthesized
using TOAB as the surfactant, although similar spectra were obtained for all the nanocrystals
reported here. The Si NCs exhibit clear C-H stretching signals, with symmetric CH,,
asymmetric CH,, and the asymmetric C-CHs stretching vibrations at 2856, 2926, and 2959
cm, respectively. The peak at 1378 cm™ is assigned to the C-CH3 symmetrical bending mode,
while the peaks at 1260 and 1460 cm™ are attributed to the symmetric bending and scissoring
vibration of the Si-C bond, respectively. The absence of the CH=CH, peaks at 1640 and 3080
cm™, combined with the formation of the Si-C bond at 1460 cm™, confirms covalent
attachment of the 1-heptene to the NC surface.®*2*®! The absence of peaks between 1000—
1100 cm?, corresponding to Si-OR stretching vibrations, highlights that the silicon

nanocrystals are well passivated, with minimal surface oxidation.

The surface chemistry of the Si NCs was also investigated by using high resolution XPS
spectroscopy, see Figure S.3 of the Supporting Information. The Si 2p spectra in Figure S.3(a)
shows a strong peak centered at 102.2 eV, in good agreement with previous reports for alkyl-
capped silicon nanocrystals.*”! The main peak at 102.2 eV is assigned to Si-C bonding,
confirming covalent attachment of alkyl groups to the Si NC surface, while the presence of
the peak at 103.0 eV is indicative of some surface oxidation (Si-Oy) that was not observed in
the FTIR spectrum (Figure S.2). The C1s spectrum in Figure S.3(b) has a strong at 284.8 eV,
assigned to C-C bonding, and two minor peaks at 284.1 and 285.6 eV are assigned to C-C/C-
H and C-O bonding, respectively. The existence of a Si—-C component agrees with the FTIR

spectra indicating covalent attachment of the alkyl ligands to the nanocrystal surface. The O1s
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spectrum in the Figure S.3(c) is fitted with two components at binding energies of 532.2 and

533.0 eV, assigned to the presence of Si—Ox groups at the nanocrystal surface.

Figure 3 shows the UV-Vis absorption spectra of the silicon nanocrystals in hexane prepared
using the different surfactants. The spectrum of the smallest nanocrystals (1.9 nm),
synthesized when TOAB was employed as the surfactant, showed a broad absorption band
centered at ca. 260 nm with an onset of absorbance located at 350 nm. This is in excellent
agreement with previous reports for similarly sized alkyl-terminated Si NCs, which have
assigned this feature to the direct I'-I'" band gap transition. ! Increasing the mean NC
diameter to ca. 2.5 nm by using TBAB or CTAB as the surfactant resulted in a distinct red-
shift in the wavelength position of the absorption band to 266 and 267 nm, respectively.
Further red shifts in the absorption spectrum were observed for increasing nanocrystal sizes,
with the largest size nanocrystals (5.8 nm) showing a strong peak centered at 272 nm,
corresponding to a 12 nm shift compared to the smallest (1.9 nm) nanocrystals. Interestingly,
the changes in size distribution do not significantly affect the onset of absorbance, located at

ca. 350 nm (3.5 eV), which is considerably blue shifted from that of bulk silicon.
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Figure 3. Normalized UV-Vis absorption spectra of the silicon nanocrystals synthesized in
the presence of the various surfactants.
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The absence of vibrational features in the absorption spectra, which have been observed for Si
NCs prepared using a similar approach and assigned to the presence of trace amounts of
toluene,™ indicates the utility of the column chromatography purification of the as-
synthesized nanocrystals,') see Experimental Section and Figure S.4 of the Supporting

Information for further details.

Figure 4 shows the photoluminescence (PL) spectra (280 nm excitation) of the Si NCs
synthesized using the different surfactants measured at room temperature. Dilute dispersions
of the Si NCs in hexane were prepared with the same optical densities for comparison.
Luminescence from the Si NC dispersions is observed over a narrow spectral range between
300 — 420 nm, with a wavelength maximum at ca. 330 nm, similar to that reported for other
alkyl terminated silicon nanocrystals.'?*?! The full width at half maximum (FWHM) was
found to be ca. 60 nm, emphasizing the monodispersity of the nanocrystals.'? While the
luminescence intensity decreases monotonically with increasing nanocrystal diameter, there is

no change in the PL spectra of the Si NCs for with core diameters ranging from 2 to 6 nm.
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Figure 4. Photoluminescence spectra of the silicon nanocrystals synthesized in the presence
of the various surfactants. Spectra were recorded on samples with the same optical density at
an excitation wavelength of 280 nm.
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Despite extensive investigation over the last 10-15 years, the exact origin of PL from
nanocrystalline silicon remains a divisive topic, complicated by presence of both direct and
indirect band gap transitions.”**??! The wide variety of synthetic strategies reported, together
with broad particle size distributions, different ligand passivation schemes and surface
oxidation, have all contributed to the lack of consensus.””*?*! The underlying mechanism is
usually described in terms of either a quantum confinement model based on quantum size
effects in the nanocrystalline silicon core, or a surface chemistry model that emphasizes the
importance of surface phenomena at the interface between the crystalline core and the host
matrix.[?’ Both models present extreme viewpoints, and other theories combining elements of
both models have also been presented.!” The marked size dependency observed in the UV-
Vis absorption spectra shown in Figure 3 agrees well with the quantum confinement model,
supporting the assignment to direct transitions within the nanocrystal core. In contrast, the PL
spectra shown in Figure 4 exhibit a blue emission that is independent of nanocrystals,
implying that exciton recombination is not confined within the nanocrystal core, and that the
nanocrystal surface must be involved in the emission process. The uniformity of the
luminescence observed from Si NCs (the normalized PL spectra are entirely superimposable)
suggests that a limited number of surface or near-interface states are involved. This
interpretation is in agreement with studies on hydrogen-terminated Si NCs by Yang et al.,
who concluded the most plausible mechanism is that excitons are first formed within Si NCs
by direct transitions at I' or X point, which transfer to and recombine at states close to the
interface between the nanocrystal and the surrounding matrix.? Further evidence for the role
of surface states in the luminescence process was recently provided by Dasog et al.,'”” who
demonstrated tuning of the emission color of Si NCs from red to blue by titration with trace

amounts of nitrogen-containing compounds.
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Figure 5(a) shows the photoluminescence spectra of TOAB-synthesized 1.9 nm Si NCs in
hexane, obtained using excitation wavelengths ranging from 280 to 400 nm in 20 nm intervals.
The photoluminescence spectra display small features within the main peak at different
excitation wavelengths, in agreement with previous results.'®] Excitation energies for
maximum PL intensity (4.4 eV) significantly exceed the absorption edge (3.5 eV), with PL
intensity that depends sensitively on excitation energy. The wavelength position of the PL

maximum ranges from 330 nm for excitation at 280 nm, to 438 nm for 400 nm excitation.
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Figure 5. (a) Photoluminescence spectra of 1.9 nm silicon nanocrystals recorded at different
excitation wavelengths. (b) Wavelength position of the luminescence maximum as a function
of excitation wavelength.

This corresponds to an overall red shift in the PL peak position of 108 nm, as the excitation

wavelength is increased by 120 nm, see Figure 5(b). This marked dependency on excitation
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wavelength has been widely reported for silicon nanocrystals, prepared using different
synthetic methods and surface functionalities.™®*®?"! PL excitation (PLE) spectra recorded
using the excitation wavelengths from 280 to 400 nm shown in Figures S.5 of the Supporting
Information. Several closely spaced discrete features appear in the PLE spectra, with optimal
excitation wavelengths still significantly above the energy of the absorption edge (3.5 eV).
The PLE spectra are seen to decrease in intensity and red-shift in position when recording at
longer emission wavelengths, again suggesting a combination of factors involving the

nanocrystal core and the surface states.

This wavelength dependence is usually attributed to sample polydispersity, with the smaller
NCs being selectively excited at shorter wavelengths, and larger NCs at longer
wavelengths.!””?l However, the narrow size distributions in the Si NCs reported here
precludes the shift in peak position being caused by polydispersity.'*?*! Considering that the
optimal excitation energies are considerably greater than the band gap energy, the sharp
decrease in PL intensity at excitation wavelengths close to the absorption edge, the most
plausible interpretation is that excitation at shorter wavelengths results in efficient generation
of excitons, which readily transfer to and recombine at shallow surface trap states to give blue
emission. Excitation at longer wavelengths may result in less efficient generation of excitons,
which transfer to deeper trap states, resulting in less intense emission. There may also be
increased transfer of excitons to nonradiative centers,”” which would also contribute to the

overall decrease in PL intensity.
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Figure 6. (a) Integrated PL intensity versus absorbance for various dilute dispersions of 1.9
nm diameters Si NCs in hexane and aqueous solutions of tryptophan (pH 7.0) recorded under
identical excitation conditions. (b) Quantum vyields of the Si NCs versus average core
diameter.

It was shown in Figure 4 above that the photoluminescence intensity of the Si NCs decreases
monotonically with increasing nanocrystal diameter. Photoluminescent quantum yields were
determined using tryptophan as a reference emitter, see Experimental Section. Figure 6(a)
shows the integrated PL intensity (280 nm excitation) of diluted dispersions of 1.9 nm
diameters Si NCs in hexane and aqueous solutions of tryptophan (pH 7.0) recorded under
identical excitation conditions. Linear regression analysis was employed to determine the

relative PL intensities of the sample and reference solutions over the range of concentrations,

see also Figure S.7 and Table S.2 for plots and analysis of Si NCs synthesized using the other
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various surfactants. Figure 6(b) shows the calculated quantum yields of the Si NCs plotted
against average core diameter. The quantum yield of the 1.9 nm Si NCs was found to be 12%
at the optimal excitation wavelength of 280 nm, comparable with values reported for Si NCs
of similar sizes reported in the literature.''*?* The quantum yields of the Si NCs exhibit an
inverse relationship with the mean NC diameter, decreasing to ca. 7% for 2.5 nm nanocrystals,
with a minimum of less than 2% recorded for 5.8 nm NCs. The observed trend in the quantum
yields of the Si NCs may be accounted for by a combination of less efficient generation of
excitons and the presence of greater number of nonradiative traps and recombination

pathways with increasing size.

3. Conclusions

Size monodisperse silicon nanocrystals have been synthesized using a simple, room-—
temperature microemulsion synthesis method, with well-defined core diameters controlled
between 2 to 6 nm by variation of the cationic quaternary ammonium salts used to form the
inverse micelles. TEM imaging confirmed that the NCs are highly crystalline with a narrow
size distribution, while the crystal structure of Si was confirmed by selected area electron
diffraction (SAED). FTIR confirmed that each of the different sized nanocrystals possessed
the same surface chemistry, with minimal surface oxidation. UV-Vis and PL spectroscopy
showed significant quantum confinement effects, with moderate absorption in the UV spectral
range, and a strong blue emission with a marked dependency on excitation wavelength.
Determination of the photoluminescence quantum yield (®) of the Si NCs showed an inverse

relationship with the NC core diameter, with a maximum of 12% measured for 2 nm NCs.
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Chemical Synthesis & Purification of Silicon Nanocrystals: The synthesis of the silicon

4. Experimental Section

nanocrystals (Si NCs) was adapted from the method reported by Tilley and co-workers.*? All
reagents and solvents were purchased from Sigma-Aldrich Ltd. and used as received. In an
inert atmosphere glove-box, 2.74 mmol of the surfactant was dissolved in 100 mL anhydrous
toluene. 0.1 mL (0.87 mmol) SiCl,was then added to the solution and left to stir for 30 min.
Si NCs were formed by the dropwise addition of 6 mL of 1 M lithium aluminum hydride in
THF over a period of 2 min. CAUTION: Small amounts of silane gas, which is pyrophoric,
could be evolved at this stage of the reaction and care should be taken to prevent exposure to
air.l'' The solution was then left to react for 2.5 h. The excess reducing agent was then
quenched with the addition of 60 mL methanol, upon which the dispersion became
transparent. At this stage of the reaction the Si NCs are terminated by hydrogen and

encapsulated within the inverse micelle.

Chemically passivated nanocrystals were formed by modifying the silicon-hydrogen bonds at
the surface via the addition of 200 puL of a 0.1 M H,PtClg in isopropyl alcohol as a catalyst,
followed by 6 mL of 1-heptene. After stirring for 2.5 h, the Si NCs were removed from the
glove box and the organic solvent removed by rotary evaporation. The resulting dry powder
(consisting mainly of surfactant) was then redispersed in 20 mL hexane and sonicated for 30
min. The solution was then filtered twice using PVDF membrane filters (MILLEX-HV,
Millipore, 0.45 uM) to remove the surfactant, after which it was washed with 100 mL of n-
methyl formamide (4 times) and then with distilled water. Alkyl-terminated Si NCs remain in
the hexane phase. The Si NCs were further purified by chromatography. The solution was
concentrated down to 1 mL and put into the column (1 cm, 41.0 cm). Sephadex gel LH-20

was used as the stationary phase. Fractions were collected every 50 drops at a flow rate of one
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drop every 5 s. A hand held UV lamp (365 nm) was used to check each fraction for Si NCs
luminescence. The fractions were then combined and concentrated down to 1 mL.

Characterization of Silicon Nanocrystals: UV-Vis absorption spectra were recorded using a
Shimadzu UV PC-2401 spectrophotometer equipped with a 60 mm integrating sphere (ISR-
240A, Shimadzu). Absorption spectra were recorded at room temperature using a quartz
cuvette (1 cm) and corrected for the solvent absorption. Photoluminescence spectra of the Si
NCs were recorded using a Perkin Elmer LS 50 luminescence spectrophotometer equipped
with a pulsed Xenon discharge lamp. Quantum yields (QY) were measured using the
comparative method described by Williams et al.*% Dilute dispersions of the Si NCs in
hexane were prepared with optical densities between 0.01 - 0.1 and compared against aqueous
tryptophan solutions with similar optical densities as reference emitters. The quantum yield of
the tryptophan reference was corrected for temperature using the model described by Robbins
et al., see Supporting Information. B! PL spectra of all the Si NCs and tryptophan solutions
were acquired using an excitation wavelength of 280 nm, and the total PL intensity integrated
over 300-475 nm. Linear regression analysis was employed to determine the relative PL
intensities of the sample and reference solutions over the range of concentrations, allowing
the quantum yield of the Si NCs; see Supporting Information. FT-IR spectra were recorded on
a Bio Rad Excalibur FTS 3000 spectrometer insteps of 1 cm™ and averaging scans. Samples
were formed by placing an aliquot of silicon crystals dispersed in hexane onto 32 mm round,
3 mm thick, drilled NaCl plates, after which the sample was allowed to evaporate to dryness.
X-ray photoelectron spectroscopy (XPS) measurements were carried out using a Kratos Axis-
165 photoelectron spectrometer. The narrow scan spectra were obtained under high vacuum
conditions by using a monochromatic Al Koo x-ray radiation at 15 kV and 10 mA with a
analyzer pass energy of 20 eV. Substrates were cleaned for 20 min in piranha solution, rinsed

with water and dried with nitrogen. A few drops of the Si NC solution dissolved in
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chloroform were dropped on a clean gold surface substrate. All spectra were acquired at room
temperature and binding energies were referenced to the Au 4f;,; line. All spectra were fitted
with three peaks using a Shirley background. Transmission electron microscopy (TEM)
images and selective area electron diffraction patterns (SAED) were acquired using a high-
resolution JEOL 2100 electron microscope, equipped with a LABg electron source and Gatan
DualVision 600 Charge-Coupled Device (CCD), operating at an accelerating voltage of 200
keV. Energy dispersive x-ray spectra (EDS) spectra were recorded on using an Oxford INCA
x-sight detection spectrometer. Spectra were obtained from an area of the grid where there
was a large amount of NCs. A process time of 3-4 seconds was used and the spectra obtained
using an integration time of 40 s. TEM samples were prepared by depositing 300 ul of Si NC
dispersion, onto a holey carbon coated TEM grid (400-mesh, #S147-3H, Agar Scientific).
Particle size analysis of TEM images was carried out using the Particle Size Analyzer macro
(r12, freely available online at http://code.google.com/p/psa-macro/) running on Image J

software.
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The table of contents entry

Highly monodisperse Si NCs (2 — 6 nm) are synthesized by solution-phase reduction of SiCl,
within inverse micelles. Alkyl-terminated NCs with mean diameters from 2 to 6 nm are
produced by varying the cationic surfactants used, confirmed by TEM and FTIR. Si NCs
exhibit strong blue emission, with a highest quantum yield of 12 % for the smallest NCs.
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Supporting Information:
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Figure S.1. Molecular structure of the different surfactants (a) Tetraoctyl ammonium bromide
(b) Tetrabutyl ammonium bromide (c) Cetyltrimethyl ammonium bromide (d)
Didodecyldimethyl ammonium bromide (e) Dodecyltrimethyl ammonium bromide (f)

Tetradodecyl ammonium bromide.
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d spacing calculated d spacing in bulk Si,>* A (hKI) assignment
from SAED, A
3.14 3.13 (111)
1.92 1.92 (220)
1.68 1.63 (312)
1.31 1.35 (400)

Table S.1. d spacing calculated from selected area electron diffraction of the silicon
nanocrystals.
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Figure S.2. Fourier transform infrared spectrum of alkyl-terminated silicon nanocrystals
using TOAB as the surfactant.
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Figure S.3. XPS spectra of alkyl-terminated silicon nanocrystals.
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Figure S.4. UV-Vis absorbance spectra of the as-synthesized silicon nanocrystals (black
lines), column purified silicon nanocrystals (red lines), and dilute solution of toluene in

hexane (blue lines).
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Figure S.5. Photoluminescence excitation (PLE) spectra of 1.9 nm silicon nanocrystals.
Wavelength positions refer to maximum emission positions shown in Figure 5(b).
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Calculation of Quantum Yield of Tryptophan as a function of temperature

The fluorescence standard tryptophan was selected as the reference material as 98% of its
luminescence spectrum overlaps that of the silicon nanocrystals. The QY of tryptophan is
dependent on the temperature, pH, concentration and solvent. Robbins et al. previously
determined the temperature dependence of the tryptophan QY at pH 7.7 The fluorescence

lifetime (t™) of tryptophan at pH 7 is expressed as:

7 (pHT) =k, +k +k, _+k
Where ks is the fluorescence, k; is intersystem crossing, Keaq iS photoionization and k; is
intramolecular quenching. The work carried out by Robbins et al. was replicated to calculate
the quantum vyield of tryptophan at any temperature. Figure S6 shows the modeling of the
dependence of the QY of tryptophan on temperature for all the different processes involved at

pH 7. From the data, the QY of fluorescence, at a certain temperature can be determined and

therefore the QY of the silicon NCs can be calculated extremely accurately.

1.0

Fluorescence
Photoionization
Intersytem crossing
Intramolecular quenching

0.8 1

0.6 1

0.4 1

Quantum yield

0.2

0.0 . r . : . ; -
0 20 40 60 80
Temperature (°C)

Figure S.6. Calculated quantum yields of fluorescence, intersystem crossing, photoionization
and intramolecular quenching for tryptophan at pH 7, as a function of temperature.
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Figure S.7. Integrated PL intensity versus absorbance for dilute dispersions of silicon
nanocrystals synthesized using different surfactants in hexane.

Surfactant Slopes Quantum Yield (d)
TBAB 75168.74 7.2
CTAB 68372.39 6.6
DDAB 58491.82 5.6
DTAB 51828.39 5.0
TDAB 17939.17 1.7

Table S.2. Fitted slopes and calculated quantum yields from linear regression analysis of data
shown in Figure S.7 above.

References

[S1] I N. Germanenko, M. Dongol, Y. B. Pithawallal, M. Samy El-Shall, J. A. Carlisle,
Pure Appl. Chem. 2000, 72, 245-255, 2000.

[S2] R.J.Robbins, G. R. Fleming, G. S. Beddard, G. W. Robinson, P. J. Thistlethwaite, G.

J. Woolfe, J. Am. Chem. Soc. 1980, 102, 6271.

-27 -



