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Luminescent silicon nanocrystals (SINCs) have attracted scientific interest for their
potential use in LEDs, displays, lasers, photovoltaic spectral-shifting filters and for
biomedical applications. A lot of efforts have been made to improve the radiative
emission rate in SINCs, mostly using quantum confinement, strain and ligands. Existing
methods, however, are not easily upscalable, as they do not provide the high material
yield required for industrial applications. Besides, the photoluminescence (PL) efficiency
of SINCs emitting in the visible spectral range also remains very low. Hence, there is
a need to develop a low-cost method for high material yield of brightly emitting SiNCs.
Theoretically, strain can be used alongside quantum confinement to modify the
radiative emission rates and band-gaps. In view of that, high-energy ball milling is
a method that can be used to produce large quantities of highly strained SiNCs. In this
technique, balls with high kinetic energy collide with the walls of a chamber and other
balls, crushing the particles in between, followed by welding, fracture and re-welding
phenomena, reducing the particle size and increasing strains in the samples. In this
study, we have used high-energy ball milling in an inert gas atmosphere to synthesize
SiNCs and study their photophysical properties. The induced accumulation of high
strain, quantum confinement and possibly also impurities in the SiNCs resulted in visible
light spectrum PL at room temperature. This method is low cost and easily up-scalable
to industrial scale.

Introduction

Unlike bulk Si, Si nanocrystals (SiNCs) are a promising material for applications
in LEDs, lasers, displays and as spectral-shifting filters in photovoltaics etc., due
to their increased emission rates and size-tunable band-gaps (see, e.g.'®). Higher
radiative emission rates and visible emission in the blue, green and red regions of
the spectrum have been reported for various types of SiNCs.*'® However,
production methods of SiNCs with emission in the UV and visible spectral region
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(and the vast majority of the NIR emitting SiNCs) have not been capable of
producing the high material yields required for commercial uses so far. Produc-
tion of SiNCs with diameter below <10 nm is mostly performed by bottom-up
syntheses - wet-chemical or from plasma.'**" The important role of surface
ligands often leads to limited spectral tunability.* Hydrogen-, oxygen- and alkyl-
capped SiNCs have been studied in detail.**>7*13717:19.21.2325 Hydrogen capped
SiNCs show size-tunable emission, but are unstable and prone to oxidation upon
exposure to air." Resulting oxide-capped SiNCs of diameters below 5 nm show
either impurity-related red emission with slow rate****?® or blue emission with
fast rate®*° and larger sized crystals (above ~5 nm) show size-tunable emission in
the near-IR range.**** Alkyl-terminated Si nanocrystals are considered very stable
and resistant to oxidation, with luminescence in the visible range tunable by the
ligands and size, showing direct bandgap-like radiative rates.'*'*?233%33 Further
means to manipulate the optical properties can be achieved using strain.**
Theoretical studies show that under tensile stress, it is possible to have direct
bandgap-like Si nanocrystals.*>*® Despite these advances, silicon has yet to make
its way to replace toxic and less abundant options to be used in aforesaid appli-
cations because of the low-yielding synthesis methods. There is an urgent need to
have a method which can produce stable, non-toxic and highly emissive Si
nanocrystals at industrial scale. In view of this, high-energy ball milling which
was initially developed to mix different metals and then to produce alloys, might
be used for this purpose. Recently, ball milling was used for the doping of V,05
into nano-Si for Li-ion battery anodes.’” High-energy ball milling allows the
synthesis of nanoparticles at kilogram scale in a short time.

Here, we present SiNCs prepared using high-energy ball mill. This method is
very high yielding and leads to SiNCs that emit in the blue-green region of the
visible light spectrum. The occurrence of multiple phonon replicas in the pho-
toluminescence (PL) spectra of the milled Si particles suggests the presence of
localized emission centers, possibly impurities. We interpret the phenomena
based on the presence of Si-O/Si-C bonds on the surface, as well as possible
doping of the SiNC particles with iron and cobalt transition metal impurities,
introduced by the milling environment. The results indicate a possible energy
transfer from the excited SINCs to the metallic impurities and/or to Si-O/Si-C
bonds participating in the radiative processes. We do not see evidence of
quantum confinement, since no shift in the PL peak position is observed upon
reducing the nanoparticle size, even down to sizes of ~5 nm. This suggest that
impurities (and maybe also strain) play larger roles than quantum confinement.
We perform structural and compositional analysis to determine the structure of
the milled SiNCs and correlated it with the optical properties. However, more
work, especially on in-depth elemental and structural analysis, is needed to
support our claims.

Materials and methods

Silicon powder (99.999% purity) with an average particle size of <20 um was
purchased from Hongwu International Group Ltd, China. An unmilled Si sample
was used as reference for comparison throughout the study. To reduce the size of
these Si particles to nanometer scale, a modified vertical attrition ball mill was
used to perform a high-energy ball milling process. The milling was performed at
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room temperature using tungsten carbide (WC) balls in an inert argon gas
atmosphere. The precise temperature profile during the milling process is
unknown but is known to have reached 500 °C. To reduce the heating of the
chamber during the milling process, continuous water cooling was provided. The
Si powder was milled for 20 h in 1 hour blocks with subsequent 15 min breaks for
effective cooling. The milled powder was degassed in a vacuum of 10~ Torr for
2 h to remove entrapped gases and residual impurities.

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
(Fig. S17T) were performed using a TECHNAI 20, FEI electron microscope. X-ray
diffraction (XRD) studies were done using a Rigaku Miniflex II Desktop X-ray
diffractometer with Cu Ko radiation (A = 1.5406 A). Raman spectroscopy was
done using an Airix STR-500 Confocal Raman spectrophotometer with a 532 nm
solid-state laser beam ~3 mW. A FEI Nova NanoSEM 450 field emission scanning
electron microscope (FESEM) equipped with a Bruker energy dispersive X-ray
(EDX) analyzer was used to study the composition of the milled powder. Mate-
rial analysis results are shown in ESI, Fig. S1-S4.}

For optical measurements, milled Si nanoparticles were dispersed in UV-grade
ethanol and placed into quartz cuvettes (Hellma analytics). PL excitation spectra
(PLE) were measured using a standard spectrofluorometer (Horiba Scientific,
Fluorolog) equipped with a spectrometer (Horiba Scientific, iHR320) and a CCD
detector (Horiba Scientific, Synapse). An FTIR spectrometer (PerkinElmer Spec-
trum Two) was used to record FTIR spectra of unmilled and milled Si powder
samples. For single-nanoparticle PL emission, a highly diluted sample of milled
SiNCs in UV-grade ethanol was drop-casted on a quartz cover slip (SPI supplies —
25 mm diameter; thickness: 0.15-0.18 mm) and left to dry at room temperature;
for the measurement, we used an optical micro-spectroscopy setup coupled to an
atomic force microscope (AFM) (Nanowizard 3, JPK Instruments). The emission
was detected using a spectrometer (Princeton Instruments, Acton SP2300) with
a CCD (Princeton Instruments, Pylon 400B). A diode laser (405 nm, Becker and
Hickl GmbH, BDL-405-SMN) was used to excite the sample. The emitted light was
collected using a 100x objective (Zeiss, Epiplan-Neofluar with NA = 0.75) and was
filtered using a band pass filter (Semrock, BLP01-405R-25) to remove the scattered
excitation light. The same microscopic setup and excitation (in a pulsed regime
with a ~300 ps pulse duration and a 20 MHz repetition rate) was also used to
excite and collect emission for the PL lifetime measurements, with the only
difference being the detection is done by TCSPC setup from Becker & Hickl GmbH
(a Photon Correlator DPC-230 and a single-photon detector module ID Quantic
100). All recorded PL spectra were corrected for spectral sensitivity of the detec-
tion chain in all of the setups. To study the effect of the size of the SiNCs on the
emission, we used the AFM system coupled and correlated with the optical
microscopy setup used for single-dot spectroscopy. AFM was used in the tapping
mode with an aluminum-coated silicon tip (Nanoworld Point probe silicon SPM
sensor; resonant frequency ~ 320 kHz). JPK software was used to capture scans
and analyze the size of individual particles.

Results and discussion

The ball milled Si powder was analyzed using various methods to study the
material composition and strain. First, using TEM, we found that micrometer-
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sized Si powder has been reduced to nanometer-sized crystallites (Fig. Sla and
bt). This was further confirmed by HRTEM, where we observed SiNCs as small as
~5 nm (Fig. S1c and d¥). The presence of ~5 nm particles was also confirmed later
by the AFM (Fig. 3 and 4). From the HRTEM, we further see the presence of an
amorphous layer on the surfaces of the nanocrystallites, which could be a result of
surface oxidation of the Si nanopowder.

XRD of the unmilled and milled Si samples is shown in Fig. S2{ and reveals an
usual diamond cubic structure in both materials. In the milled sample we observe
peak broadening, increased background and the appearance of new peaks,
characteristic of B-FeSi,. The peak broadening and increased background indi-
cate the generation and accumulation of strains, dislocations and insertion of
impurities from the wall and balls in the milling chamber (e.g. Co and Fe). Silicon
is a brittle-brittle system with higher hardness than that of the transition metals.
Milling with harder milling media (WC in this case) can induce wearing of soft
elements, incorporating them in the Si lattice.*®* We have extracted the amount of
strain, dislocation density and crystallite size using empirical formulas (Table
ST1t). After milling, we observe a significant increase in the lattice strain (from
0.25% to 0.63%) and dislocation density (from 2 x 10" to 8 x 10'). The
appearance of impurity peaks (B-FeSi,) due to wearing of the WC coating from the
wall suggests that most of the Fe impurities introduced into the Si material were
precipitated in the form of B-FeSi, and did not have much affect on the lattice
structure of the silicon nanoparticles. Insertion of Co into the SiNCs seems more
likely, as evidenced by the shift in the peak shown in the inset of the Fig. S2,t
which could be due to accumulation of tensile strain in the milled samples and
insertion of Co into the Si lattice, leading to formation of CoSi, at the <111>
position of the diamond-cubic Si.

The EDX analysis shown in Fig. S3f confirms the presence of cobalt.
Furthermore, carbon and oxygen are also present in trace amounts, suggesting
the possible presence of Si-O and Si-C on the surface of the SiNC particles. In
general, from the above analysis we can assume the presence of Si, O, C, Fe and Co
impurities in the surface shell on the surface of the SiNCs. It is possible that
during the high-energy ball milling, dislocations, dangling bonds and vacancies
are generated, acting as reaction sites for the elements available in the milling
environment. Cobalt and iron may also been presented as an intrinsic impurity in
the shell and Si core in the initial Si powder, because of their low diffusion
coefficient in Si.*®

Micro-Raman spectroscopy was performed on the unmilled and milled Si
samples (Fig. S471) to study the crystallinity and accumulation of stresses. In the
unmilled sample, the bulk Si-Si phonon peak appears sharp and narrow at
520 cm ™. This peak is broadened and shifted to ~500 cm™* in the milled Si
sample, suggesting size reduction via the high-energy ball milling. Interestingly,
even after 20 h of milling, the Si remains crystalline, as evidenced by the absence
of a peak at 480 cm ™', characteristic for amorphous phase Si. Change in the
position of the Raman peak from the bulk can give information about local stress.
The change in frequency from 520 cm ™" (in the bulk) to a lower frequency in the
milled SiNCs indicates the presence of tensile stress. A mechanical stress of
4250 MPa, generated by high-energy ball milling can be evaluated from the peak
broadening using an empirical formula which calculates stress from the shift in
frequency of the Raman peak.*®
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Fig.1 (a) Contour plots of the PL spectra at varied excitation wavelengths measured from
the ball-milled sample. (b) PLE (for the 450 nm PL; black line) and PL (for the 370 nm
excitation; red line), for the ball-milled sample.

The optical properties of the milled SiNCs were first studied using PLE spectra
in a wide range of emission and excitation wavelengths. A contour plot of the
emission intensity is shown in Fig. 1a. Results for the unmilled sample are given
in Fig. S5.1 The most striking difference between the two samples is the occur-
rence of bright blue-green emission at around 450 nm in the milled sample that is
completely absent in the unmilled sample, suggesting that the process of milling
has caused PL in the visible range. With analysis of the peak positions of the PL
for several different excitations (black dots and black lines in Fig. 1a), we find that
the PL peak is independent of the excitation energy. This finding combined with
the broad size distribution (not shown) of the milled SiNCs can be interpreted as
a lack of size-dependence in the PL mechanism. In Fig. 1b, we show an extracted
PL spectrum excited at peak excitation at 370 nm, as well as the PLE peak for the
dominant emission feature at 450 nm.

Interestingly, a pronounced peak structure is observed in the PL emission of
the resonantly excited PL spectrum (Fig. 1b and 2a). A similar structure is also
observed in the PL excited at 300 nm (Fig. 2b), but it is less pronounced. Fitting
both spectra with multiple Gaussian peaks without any constraints (not shown),
we found that they can be described by individual peaks with separation energies
shown by the red lines in the FTIR absorption spectrum in Fig. 2c. The peak
positions coincide with several Si-C and Si-O related peaks, suggesting that the
PL structure might be a result of Si-C or Si-O surface vibrations coupled to the
exciton. The roughly constant energies between the peak positions (red lines) are
indeed reminiscent of phonon replicas (presented as a histogram) and mostly
coincide with the weak vibrations of Si-C stretching at 1265 cm™"' (~160 meV),
similarly to observations in ref. 24 on alkyl-capped SiNCs. Strong absorption
peaks at 1070 cm ™" can be assigned to Si-O-Si bond vibrations, confirming the
presence of oxide, which is interesting and can be correlated with the experi-
mental procedure. During the ball milling, diffusion of C from the wall and balls
may have taken place to introduce Si-C bonds, but could not saturate the whole
SiNC surface, allowing subsequent oxidation. Nevertheless, the Si-O bond does
not seem to play an important role in the vibrational structure of the PL. This does
not rule out the possible role of metallic impurities in the emission process,
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Fig. 2 PL spectra obtained at (a) excitation of 370 nm and (b) excitation at 300 nm. PL
spectra were fitted with peak difference (~160 meV) and FWHM (140 meV) — parameters
obtained first from fitting the most prominent three peaks in the spectrum shown in (a).
The rest of the PL spectra were fitted with the fixed peak separation and FWHM and varying
only the peak intensities. The colored peaks are the fits and the bold black curve is the
original data. For better clarity, Raman and second order excitation peaks were removed
from the data sets (labeled gaps in the data in the graphs in (a) and (b)). (c) FTIR spectrum
showing infrared absorption (black) of the ball milled SiNCs dispersed in ethanol and the
position of the peak separation energies obtained from the freely-fitted (i.e. without any
fixed or assumed parameters) PL spectra excited at 300 and 370 nm. (d) Fitted intensities of
the peaks in (a) and Huang-Rhys factor fit curve (red dots).

however, we are not aware of such vibrational states at 160 meV for Si-Fe, Co-O,
Fe-C, Co-C or Si-Co bonds. The presence of O-H and C-H bond stretching in the
FTIR is most likely due to the residual presence of ethanol that was used as
a solvent for the measurements.

Assuming that the structure in the PL spectra is related to phonon replicas, we
imposed fixed peak distances of 160 meV and a FWHM of 140 meV (parameter
found from free fitting the three dominant peaks in Fig. 2a), and tried to fit the PL
spectra in Fig. 2a and b, varying only the peak intensities. The resulting spectrum is
shown as a thin black line in the figures and the colored lines are the fits;
surprisingly, the agreement of such ‘forced’ fit with the whole measured PL spectral
shape is very good, indicating that the PL spectrum consists of the main zero-
phonon replica (at 3.0 eV for excitation at 370 nm and at 3.65 eV for excitation at
300 nm) and related series of phonon replicas. The large number of visible replicas
is very surprising, since this indicates unusually strong exciton-phonon coupling.

This journal is © The Royal Society of Chemistry 2020  Faraday Discuss., 2020, 222, 96-107 | 101
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It is known an that impurity atom can act as a localized emission center,
possibly resulting in considerable exciton-phonon coupling, responsible for the
occurrence of phonon replicas in PL emission (and related effective heating of the
lattice of a material via optical excitation). The strength of the coupling can be
quantified by the Huang-Rhys factor S, which can be extracted from fitting the
peak intensities of the phonon replicas in the spectrum, labeled from the highest
energy one (0" peak) to the lowest energy one (n'™ peak) using the Poisson
distribution

I(n) = e 5 8"n!, with n = 0,1,2...

The exciton-phonon coupling is considered weak for S < 1, medium for § = 5-
10 and strong for S > 20. In the case of Si, generally, there is a very weak coupling
with § = 0.2 to 1 where the value of S varies with the bandgap and the corre-
sponding size of the nanocrystals.**** In the SiNCs, enhanced coupling could
appear due to the lowered symmetry and the increased role of the surface with
flexible and vibrationally energetic ligands.** By fitting the structure in Fig. 2a, we
found S = 1.32 (Fig. 2d), which is very high for a Si-based material.

Since, to the best of our knowledge, such high exciton-phonon coupling has
not been reported from alkyl-capped SiNCs (Si-C) or oxidized SiNCs (Si-0), it
is unlikely that the Si—O or Si—C vibrations caused such a highly structured PL,
which lends credence to the possibility of the involvement of transition metal
impurities in the emission process. McVey et al. reported a similar PL emis-
sion structure in their study of the optical properties of SiNCs doped with
transition metals (Mn, Ni and Cu).** However, they focused more on the shift
in PL peak position because of the doping of transition elements and
concluded that the Si-Si bonds were the source of PL emission. In our case, the
source of emission and periodic feature remains uncertain, however, the
working hypothesis is that the emission is of extrinsic origin, possibly related
to metallic impurities, with strong exciton-phonon coupling to the Si-C
surface bonds.

To further analyze the possible size-dependence of the PL, we measured the PL
from single SiNCs using an optical microspectroscopy setup, coupled to AFM,
which allowed us to correlate size and PL from a single nano-object. First, we
recorded a PL image in the wide-field imaging mode (Fig. 3, left top). This was
then correlated with an AFM image of the same area (Fig. 3, right top). From the
comparison, we selected 5 Si nanoparticles with sizes between 5 and 20 nm. For
these selected Si nanoparticles (indicated by the white squares), the emission
spectra were recorded by using a slit to reduce the detected area. To minimize
differences due to other parameters, such as integration time and laser power
gain, the spectra of all the particles were recorded with the same integration time
(5 seconds) and excitation power (gain of 80%). Interestingly, we found no change
in the PL peak position for the different particles. Furthermore, the PL spectral
shape (width and multi-phonon peak structure) appears to be the same for the
ensemble and separate nanoparticle measurements.

Analyzing the drop-casted milled SiNC sample on a quartz slide by AFM, we
also found some intriguing superstructures (Fig. 4a), probably resulting from the
‘coffee-stain’ type drying process. The larger sized objects (~35-70 nm) showed
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Fig. 3 (a) PL image correlated with (b) AFM scan of the ball milled sample. The 5 selected
emitting dots in the PL image and AFM are presented in the white square boxes. (c) PL
spectrum of the NC ensemble excited at 405 nm using a Xe lamp (in Fluorolog setup)
(gray) and the NC ensemble excited at 405 nm in the microscope setup (blue), together
with 5 different single NCs selected in the AFM/PL image scans. A dotted line indicates the
edge of the long-pass filter at 438 nm, used in the measurement to cut out the excitation
light. The black line in every spectrum is the average of the data points to reduce noise and
show a clear visual of the spectrum.

high intensity emission in comparison to the smaller sized ones (~5-20 nm),
possibly due to a larger number of included SiNCs.

Fig. 4b shows PL spectra of the larger sized object (~35-70 nm), which appears
again to be very similar to the ensemble PL spectrum (Fig. 2 and 3).

All of our optical results indicate that ball-milled SiNC powders have size-
independent, blue-green emission with strong phonon replica features. The
observed PL has a fast mono-exponential decay of lifetime ~6.5 ns, as measured
from the ensemble of milled SiNCs using our microscope setup (at 405 nm laser
excitation, integration time ~1800 s) (Fig. S61). Blue PL with fast decay has been
previously observed from oxygen-related defect states.*® Since the sizes of the
SiNCs were found from HRTEM and AFM to be very large (>5 nm), indicating
bulk-Si-like band-gaps, the emission is probably not of an intrinsic origin.
Similar strong size-independent blue-green emission has been observed in the
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Fig. 4 (a) Formation of Si superstructures observed by AFM-spectroscopy (top) correlated
with the PL imaging (bottom) in the drop-casted milled Si powder particles on a quartz
substrate. (b) Normalized PL spectra recorded in three different places (shown in green
(AFM) and black (PL) square boxes) with objects of sizes in the range of 35-70 nm.

past from very small oxidized SiNCs,>*** which however in larger SiNCs, such as
ours, usually switches to a size-independent red emission band*** or a size-
dependent NIR peak in even larger SiNCs.*® Therefore, it is unlikely that the
observed emission originates from the Si-O centers. The energy of the phonon
replica is observed here to be of 160 meV, which coincides with Si-C bonds. Liu
et al.*® reported similar PL spectra from SiC NCs embedded in a SiO, matrix with
the conclusion that it could originate from either the Si-C sites or oxide defects.
Another interesting work was reported by Askari et al.*® who observed a similar
PL structure from SiC NCs prepared by atmospheric pressure plasmas. They
indicated an unclear origin of the multiple non-shifting spectral peaks, but ruled
out defect-related emission.*® McVay et al.** used UV-assisted hydrosilylation to
create a strong covalent Si-C bonded passivation (hexane capped SiNCs) to
protect Si from oxidation, which also suggests the possibility of such emission by
Si-C related sites. They observed multiple peak emission from both doped
(metals: Cu, Mn) and undoped Si which led to the belief that Si-C sites could be
the possible cause of the observed emission. However, unlike us, they observed
a shift in the PL spectra with change in excitation wavelength, but it was
observed to be more pronounced in the undoped Si. Interestingly, they observed
spectral shape and FWHM changes under the different excitation wavelengths,
pointing towards the involvement of multiple active emission centers, in which
metallic impurities might have played a role as well. In our case, we suggest that
the most possible model that could explain the observed bright blue-green
emission is emission from an extrinsic site that is excited via energy transfer
from the Si core. The extrinsic site is either Si-C related (such as the 2.86-3.02 eV
emission observed in 6H-SiC*) or related to metallic impurities (Co and Fe) with
Ecco at 2.81 eV, E. re at 2.91 eV, E, ¢, at 0.46 eV and E, . at 0.09 eV in silicon.*
Solubility of the transition metals in Si is very low because of the low diffusion
coefficient, so these impurities must have been present directly on or near to the
surface of the SiNCs. In such a case, it could also be possible that the emission
originates from the metal impurity, which is strongly coupled to the Si-C bond
vibrational states that show up in the PL spectra as phonon replicas. Neverthe-
less, the solubility increases at the high temperatures generated during the ball
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milling process. Also, the process induces several dislocations which could serve
as vacancies for foreign elements, thereby causing substitutional insertion in the
Si volume.

Conclusions

High-energy ball milling can be a simple, low cost and environmentally friendly
way to synthesize highly emissive SiNCs. We found SiNCs as small as 5 nm in the
milled sample, which makes this method very promising. The PL emission of all
observed SiNCs was, however, independent of the NC size and was observed in
the blue-green spectral region with a PL lifetime of a few nanoseconds. Our
results suggest that the presence of metallic impurities as well as Si-C sites on
the surface could play an active role. The multi-phonon structure observed in the
PL emission spectra indicates that the emissive center is strongly vibrationally
coupled to Si-C bonds. The effect of strain, that - beyond the mere introduction
of vacancies and defects — could serve as possible sites for Fe, C, O and Co
incorporation, needs to be studied in more detail in the future e.g. by studying
samples produced with different ball milling times. The interesting super-
structures observed in the drop-casted sample could be used for anti-
counterfeiting or labelling applications.
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