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ABSTRACT: This paper describes a simple approach to the large-scale synthesis of colloidal Si
nanocrystals and their processing into spin-on carbon-free nanocrystalline Si films. The
synthesized silicon nanoparticles are capped with decene, dispersed in hexane and deposited on
silicon substrates. The deposited films are exposed to non-oxidizing room temperature He plasma
to remove the organic ligands without adversely affecting the silicon nanoparticles, to form crack
free thin films. We further show that the Reactive Ion Etching (RIE) rate in these films is 1.87
times faster than for single crystalline Si, consistent with a simple geometric argument that
accounts for the nanoscale roughness caused by the nanoparticle shape.
Silicon is abundantly available and is the bedrock of the semiconductor industry. Silicon wafers
cut from single crystalline silicon (sc-Si) are used for substrates, for photochemical cells,1 and are
used ubiquitously in the semiconductor industry for manufacturing microchips.2 Nonetheless, scSi has limitations: (i) its fabrication is cumbersome and costly, due to complexity, high
temperatures, and significant material loss;3 (ii) its solar conversion efficiency (i.e., solar energy
to electrical energy) in photovoltaic cells is limited to 18%-24% (for commercial solar cells)
depending on fabrication and material quality;4-5 (iii) its indirect band gap (1.12eV) makes its
application in optoelectronic devices challenging.6 These limitations have prompted the search for
alternatives. Polycrystalline silicon has much lower manufacturing costs, but has lower solar
conversion efficiency.7 Thin films of amorphous silicon (a-Si) and nanocrystalline silicon (nc-Si)
deposited by chemical vapor deposition (CVD) or sputtering are another option. They have a larger
band gap (between 1.4 and 2.5 eV8-9) and a higher absorption coefficient than crystalline silicon,9
but the manufacturing and material costs are, in general, lower than for the production of sc-Si
wafers and they are much easier to process. A-Si has been widely used in semiconductor thin film
technology due to its different properties (e.g., photoluminescence) and ease of processing, but the
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dangling bonds in its structure are detrimental to the band gap and must be passivated with
hydrogen. 10 Even after passivation, a-Si still suffers from a high defect density.8 Nc-Si has short
range crystalline order and consists of nanosize grains surrounded by amorphous Si.11-12 While
still defective, nc-Si displays interesting properties (e.g., size tunable photoluminescence below
5nm 13-19) associated with the nanoscale size of the crystalline grains.
Thin film applications have also been hindered by limitations of the available processing
strategies. (i) Thin film solar cells have low energy conversion efficiency, which degrades under
extended exposure to light through Light-Induced Degradation (LID) mechanisms,20 which are
especially serious in the case of amorphous Si.10 (ii) The formation of the nanostructure depends
very strongly on the fabrication and processing conditions,14, 21-23 which complicates the predictive
control of the crystallite shape and size. (iii) The manufacturing process generally uses CVD or
sputtering, which require high vacuum conditions that are cost intensive, and use gases, like silane,
SiH4, that are serious safety hazards.
The fabrication of nc-Si thin films from colloidal Si nanoparticles could eliminate some of these
issues. Firstly, the nucleation and growth of the crystalline grains is performed before the
deposition of the material, which allows, in principle, for a higher crystallinity and a much better
control over size and shape of the crystalline grains. Furthermore, if the ligands are removed by a
low-temperature process (e.g., ligand stripping, plasma processing), this approach could preserve
the size and shape of the nanocrystalline building blocks, and could be applied to thermally
sensitive substrates (e.g., polymer films, fibers).
In spite of this potential, the creation of spin-on nc-Si films from colloidal nanoparticles has not
been heavily investigated for two main reasons: (i) the difficulty of producing colloidal
nanocrystals of Si in sufficient amounts and with sufficient colloidal stability to produce spin-on
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films;14, 24 (ii) the difficulty of removing completely the ligands from the deposited films and to do
so without compromising their structural integrity.25-26 In this paper we resolve both of these
problems by developing a large scale synthesis approach to Si nanoparticles, and by using He
plasma processing to remove the ligands at low temperatures, resulting in crack-free
nanocrystalline Si films.
We are interested27-29 (like others30-44) in the synthesis of materials that uses colloidal
nanoparticles as building blocks. This approach to the fabrication of nanostructured inorganic
materials typically employs calcination in oxygen to remove the organic ligands.45 Our results
showed that calcination leaves behind substantial amounts of the original carbon.46 Furthermore,
calcination in oxygen is incompatible with oxygen-sensitive phases (e.g., most semiconductors)
and causes grain growth.
In our approach, instead, low pressure (100 to 2000 mTorr), low temperature (~40-60°C)
plasmas successfully remove all the ligands from Colloidal Nanocrystal Assemblies (CNAs)
without causing coarsening of the nanocrystalline building blocks.29,

46-48

If the CNAs are

disordered and thinner than ~450 nm, the ligands can be removed completely without causing
cracks in the CNA. 28 If He is used as a feed gas, the ligands can be removed from oxygen-sensitive
nanocrystals. 49 The result of this approach is an all-inorganic, single phase, crack-free solid state
material, whose microstructure is defined by the original nanoparticle building blocks. 27, 29
We here demonstrate the application of this approach to the fabrication of nanocrystalline Si
coatings by the processing of spin-on films of colloidal Si nanoparticles with He/H2 plasma. We
find that the reactive ion etching (RIE) rate (18:10:10.6 SCCM for SF6:O2:Ar; 10W power at 10
mTorr) on the ligand-free films is approximately 1.87 times faster than in single crystal Si,
consistently with the nanoscale roughness caused by the nanoparticle shape. These data suggest
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that while plasma etching of the ligands occurs homogeneously throughout the CNAs29 thanks to
the diffusion of excited species in the pores of the CNA, RIE only acts on the top surface of the
film.

Synthesis of the colloidal Si nanocrystals
Silicon nanoparticles are synthesized using different techniques, such as pulsed laser ablation
(PLA),50-52 attrition ball milling,53 laser irradiation of silanes,54 chemical reduction of silicon
hydride,55 plasma synthesis,14, 21, 56 or thermal decomposition/disproportionation.16, 57 We adopted
a thermal processing approach (cf. Figure 1) due to its simplicity, and we modified it to reduce its
safety issues,58-59 and improve its scalability59 and the quality of the product. The protocol is based
on the route developed by G.A. Ozin and colleagues,59 and on the basis of pioneering work by J.
Veinot and colleagues.16, 57 Briefly, there are five steps. (i) Disproportionation. SiO powder is
annealed at high temperature in a reducing atmosphere to produce Si nanocrystals in an amorphous
matrix of SiO and SiO2. (ii) Etching. The oxide is etched by an aqueous etchant solution under a
flow of inert gas. (iii) Separation. The liberated nanocrystal are spontaneously transferred into a
water-immiscible terminal alkene solution. (iv) Hydrosylilation. The dispersion of hydrogenated
nanocrystals in the alkene is heated to induce hydrosilylation, resulting in ligand-capped
nanoparticles. (v) Purification. The colloidal dispersion is then purified by repeated exposure to
polar solvents, centrifugation, and redispersion in apolar solvents.
We now discuss the design of each of these steps.
Crystallization of Si from SiO. Commercial silicon monoxide powder (SiO, -325 mesh, from
Sigma Aldrich) was used as the starting material, as it is rich in Si, inexpensive (<2 $/g), and
readily available in bulk. Silicon monoxide is a unique stoichiometry of silicon oxide with an
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implicit oxidation state for silicon of +2. The annealing of amorphous SiO powder in a reducing
atmosphere results in its disproportionation into Si and SiO2 and the crystallization and growth of
the Si regions. There is significant disagreement on the exact chemical structure of SiO and
whether the commercially available powder is a unique compound or a mixture of SiO2 and Si.
Spectroscopic studies have shown that the commercially available powder cannot be a
inhomogeneous mixture,60 consistently with prior thermochemical analyses61 and XRD
characterization.62 On the other hand 29Si-MAS-NMR spectroscopy,63 XANES spectroscopy,63
Transmission Electron Microscopy,64-65 X-ray scattering,65 Atom Probe Tomography,66 and
computer simulations came to the opposite conclusion: while the material is not a composite, it is
inhomogeneous.65 The large volume fraction (20-25%64) occupied by the interphase domains
composed of suboxide-type (SiOx) tetrahedral structures65 could explain why SiO shows a
significantly larger heat of combustion than mixtures of SiO2 and Si.61,

67

If the theoretical

prediction that SiO is thermodynamically unstable against disproportionation67 is correct, it is
possible that the discrepancies in the experimental conclusions arise from different processing
histories of the samples.
The SiO powder was placed in a tube furnace, which was then purged with a 5% H2 : 95% Ar
mixture for 1 hr. The powder was heated to a designated temperature (900oC, 1000oC and, 1100oC,
20oC/min) under a continuous flow of gas, held for a specified time (1, 2, 3, 5 and 10 hr) and then
cooled down to room temperature naturally (2-3oC/min).68-69
The annealed powders show a significantly darkened color indicating the formation and growth
of the Si phase. The X-ray Diffraction (XRD) patterns of the starting SiO powders, as well as those
annealed at 1000°C for times ranging between 1 and 10 hours are shown in Figure 1b (annealing
at 900°C did not yield visible Si peaks in the XRD spectrum indicating that the temperature was

6

not sufficient to form Si nanoparticles crystalline enough to be detected by XRD). A crystalline
phase emerges after 1 hr of annealing at 1000°C and is characterized by reflections at 28.4°, 47.7°,
and 55.8°, which are consistent with the (111), (220), and (311) planes of Si. The broad peak at
~23° is attributed to amorphous SiO2/SiO. As the annealing temperature and holding time are
increased, the peaks associated with Si change somewhat over time. The overall fraction of the
crystalline Si phase did not change significantly over time (the linear fit of the fractional area of
the (111) reflection vs processing time had a slope of 0.003 ± 0.003 hr-1). The breadths of the peaks
instead did change indicating the growth of the crystallites. The diameter was estimated before
liberation from the amorphous matrix by XRD through a Scherrer analysis on the (111) peak, after
background subtraction, and assuming a spherical shape for the nanoparticles.70-71 The results (cf.
Figure 1c, black scatters) indicate a slow change in particle size with processing time from 3.4±0.2
nm to 4.5±0.3 nm. The size estimation was later confirmed by TEM analysis on the liberated
particles (cf. Figure 1c, red scatters).
Etching the amorphous matrix. The matrix has to be selectively removed without damaging the
Si nanocrystals. The typical approach is to use an HF-based etchant solution18, 59 since it etches
both SiO2 and SiO. The reported protocol used an etching mixture consisting of 95 vol% EtOH
and 48% HF in a 1:2 volume ratio.59 To increase the scale of the synthesis, reduce the risk profile,
and have a slower and more controllable etch, we made three changes: we degassed the solvents
before etching, we conducted the etching under Ar flow, and we substituted the 48% HF solution
with a 6 mol% ammonium bifluoride (NH4HF2) solution in deionized (DI) water. Oxidation during
etching is one of the major causes of reduction of yield in this reaction. Therefore, oxygen must
be removed from the solvents and from the atmosphere. The Ar flow also helps displacing the SiF4
etching byproduct from the liquid/air interface, therefore accelerating the reaction kinetics.
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Ammonium bifluoride is a white crystalline solid, and is safer to handle and store than 48% HF
solution. In water, ammonium bifluoride spontaneously dissociates to form NH4+ and HF2- and
partially reacts with H2O to form 2HF + OH-. The etching reaction with SiO2 is summarized as:
SiO2 + 4NH4HF2  4NH4F + 2H2O + SiF4
where NH4F and H2O remain in solution and SiF4 leaves the system as a gas. Six hours of etching
were sufficient to remove any visible trace of the oxide from the product, according to TEM
characterization.
Hydrosilylation. The Si nanoparticles liberated from the silica matrix are hydride terminated
(ncSi:H) and must be colloidally stabilized

by grafting organic ligands to the surface by

hydrosilylation with terminal alkenes. 100 ml of 1-decene was added to 200 ml of aqueous etchant
solution after the etching time and stirred for 5 mins under an Ar atmosphere. The organic phase
was then heated at 170oC for 20 hours for hydrosilylation to occur and to generate decyl-capped
Si nanocrystals,72 which are then dispersible in non-polar organic solvents like hexane and toluene.
TEM analysis (cf. Fig 1d) shows that the Si nanoparticles are well dispersed, nearly spherical,
and relatively monodisperse. The size of the liberated particles measured by TEM agrees with the
values obtained from XRD prior to etching, indicating that the etching, separation, and
hydrosilylation steps do not seem to have a very significant effect on particle size. The TEM
analysis allows to quantify the polydispersity which decreases somewhat from 25% after ~2 hrs at
1000°C to 19% after ~10 hrs at 1000°C. This is consistent with modeling of ensembles of
nanocrystals growing by Ostwald ripening, which suggested that the growth leads to a stationary
value of polydispersity of approximately 20%.73
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Formation of thin films by spin coating
The dispersion of colloidal Si nanocrystals in organic solvents (like hexane) can be spin-coated
to form colloidal nanocrystal assemblies (CNAs), from which the ligand can then be removed by
plasma processing (cf. Figure 2). The Si nanoparticles dispersed in hexane was first deposited on
a silicon substrate. Spin-coating of the thin film was conducted on a spin-coater (Laurell
Technologies Model: WS-650MZ-23NPP) by accelerating the substrate at 330 rpm/s to 1000 rpm
to spread the dispersion evenly on the substrate forming a flat surface. The film is then held at
1000 rpm for 25 s to dry out the solvent. CNAs ranging in thickness between 160nm and 570nm
were obtained by controlling the concentration of the dispersion. Concentrations in the range of
100 mg/ml are necessary to form films in this range of thicknesses. The thickness of the deposited
films depends on the type of solvent, concentration of the dispersion and the spin coating
parameters. We controlled the thickness by altering the concentration of the dispersion while
keeping the spin parameters fixed, for better comparison and reproducibility. As we previously
showed for a number of dispersions of nanocrystals, disordered CNAs can tolerate a complete
ligand removal by plasmas without cracking. 28 The formation of disordered films was associated
with the choice of solvents. Importantly, it was found that poor colloidal stability was not a
necessary condition for the formation of disordered films. Solvents (like hexane) with low values
of the Hansen solubility parameter δP, reproducibly led to disordered spin-coated films that resisted
cracking. 28 Also in this case, spin-coating dispersions of Si nanocrystals in hexane yielded crackfree films. The quality of the films depended very strongly on the purification of the dispersion.
The presence of incompletely etched material or free decene yielded films with a number of defects
ranging from surface roughness, to striations, to comets. Furthermore, our current understanding
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indicates that the effectiveness of plasma processing in removing the ligands relies on the porosity
of the deposited CNA and therefore on the absence of free ligands.

Plasma treatment of spincoated Si nc thin films
We removed the organic decyl ligands by exposing the deposited silicon films to low
temperature plasma. Both He and 5%H2/95%He were used as feed gases to avoid oxidation.
Plasma feed gases such as Ar and N2 were not used due to issues such as reaction/implantation74
and sputtering.75 The deposited thin films were exposed to a 500 mTorr, 30W, He plasma for 24
hours. The thickness of the films after ligand removal was between 35 and 220 nm, depending on
the initial thickness and volume fraction of ligands. The large volume loss did not cause the film
to crack, consistent with our prior findings for disordered CNAs thinner than 450nm (cf. Figure
2b).28
We verified the removal of ligands by comparing the Raman spectra of the unprocessed and
plasma processed (24hr, 95% He/5% H2) thin films (cf. Fig 2c). While Raman spectroscopy is
poorly suited to the characterization of residual carbon after calcination (due to the formation of
amorphous carbon), the integral of the four peaks from 2850-2990 cm-1 corresponding to the C-H
bond stretching do correlate with carbon concentration during plasma processing.49 A peak
observed at 1290 cm-1 (not shown) corresponds to the Si-CH3 stretch in silanes and suggests the
hydrosilylation of the nanoparticles by decene. Plasma processing causes all of these peaks to
disappear, suggesting a complete removal of the C-H and Si-CH bonds in the plasma processed
films.
As shown in a prior publication, differently from calcination, where the complete elimination of
C-H Raman scattering signal can occur without the complete removal of carbon from the system,
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the reduction in the C-H Raman scattering signal in plasma processing is monotonically (albeit not
linearly) correlated with the amount of carbon in the film. Therefore, this data confirms that ligands
can be fully removed from the films.
Ion beam analysis, a useful tool that we used in prior publications to directly measure carbon
residue after plasma processing, could not be used effectively in this instance because of the use
of a Si substrate underneath the Si CNA. We used Si substrate to ensure consistency with our prior
experiments since substrate composition and electrical properties can affect plasma behavior in
proximity to the surface.28, 46

Reactive ion etching
Given the expected porosity of our ligand-free nc-Si CNA, it was important to compare the rates
of reactive ion etching of these materials to established standards (e.g., a-Si, sc-Si). Silicon thin
films have an extensive use in the semiconductor industry where they undergo different steps of
etching and doping to finally create a transistor or other devices.
A schematic of the Reactive Ion Etching experiment is shown in Figure 3. The thin films were
exposed to SF6/O2/Ar plasma in conditions (18:10:10.6 SCCM for SF6:O2:Ar; 10W power; 10
mTorr) calibrated to yield a 27.1 nm/min etch rate on sc-Si. An aluminum hard mask with open
slots (cf. Fig 3a) was placed on top of the ligand-free CNAs during RIE. The thickness of the
exposed and unexposed areas was compared to extract a rate of etching. Due to the small thickness
of the films, the high etch rate of SF6, and the timescales of the RIE process, we were only able to
collect one time point at 90s. Figure 3b shows the SEM micrographs of the exposed and unexposed
areas of the ncSi films after RIE. The films decrease visibly in thickness, but the surface does not
seem to develop new defects – cracking was not observed as a result of RIE.
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An important question regarding etching in these porous systems is whether it is primarily driven
by ions or whether, due to the high porosity of the films, long lived excited species contribute to
the process, as in the case of the etching of the ligands. To begin to answer this question, we
measured the etch rate as a function of the size of the Si nanoparticles. The rate of etching, in a
zeroth-order approximation, should be proportional to the area of the exposed surface. If
anisotropic etching dominates, the exposed surface is only the one at the top of the film. Assuming
the particles have a spherical shape, and are not arranged in a close-packed lattice – we assume a
square arrangement, for simplicity – at the top of the film, the exposed surface is 1+π/4 = 1.78
times the equivalent surface of the flat substrate underneath (cf. Figure 3c). Importantly, within
these assumptions, this factor does not change with the size of the particles. If long-lived species
contribute, they can access, in principle, the exposed surfaces of all particles in the film. Therefore,
the etch rate should be much larger and should increase with increasing surface area of the CNA
(i.e., decreasing particle size).
Figure 3d shows the etch rate measured from nc-Si film obtained from particles of different sizes
(TEM sizes are used here). The etch rates (red scatters) do not depend significantly on the size of
the particles (scatter in the data is attributed to imperfect flatness of the films which caused
significant errors, 10-20%, in the thickness measurement), consistently with anisotropic etching.
The average etch rate, measured across all sizes of particles is 50.7 nm/min (dashed red line),
which is 1.87 times larger than for the sc-Si standard (grey line). This value is consistent with the
etch rate expected from the geometric argument described above. Therefore, these results indicate
that the increased exposed area at the surface of the film due to the granular nature of the building
blocks is the main factor influencing etch rates in this system. Interestingly, according to the model
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described above, particle shape should be an important factor in determining RIE etching rates for
these films.
Conclusions
In conclusion we have demonstrated a facile strategy for the spin-on preparation of crack-free,
carbon-free nanocrystalline silicon thin film by a process involving the scalable synthesis of Si
nanocrystals, their spin-coating on a substrate, and the removal of the ligand by plasma etching
with He or He/H2 plasmas. The plasma processed thin films are seen to have about 1.87 times
faster reactive ion etch rates than commercial standard single crystalline silicon, which can be
attributed to increased roughness of the films. We presented a convenient approach to create thin
films of nanocrystalline silicon without the need for high temperature processing.
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Figure 1. Synthesis and characterization of colloidal Si nanocrystals. a) Schematic of the
synthesis steps: disproportionation of SiO, liberation of Si nanocrystals, separation into decene,
hydrosilylation to form decyl-capped Si nanocrystals, and purification to isolate the nanocrystals
in hexane. b) XRD of the SiO powder after calcination at 1000 °C in 5% H2 : 95% Ar atmosphere.
c) Scherrer-derived (XRD) and TEM-derived particle size distribution showing how the size of
the particle is not significantly different from the size of the crystals, indicating high crystallinity.
d) TEM imaging of the colloidally stabilized nanocrystals.
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Figure 2. Spin-coating and plasma processing of the films to yield nc-Si films. a) Schematic of
the deposition of Si nanocrystals on substrate by spin-coating and subsequent ligand removal by
plasma processing. b) SEM of the cross-section of deposited Si film before and after plasma
processing. c) Raman spectra of the unprocessed and processed nc-Si films and substrate showing
the dramatic decrease of C-H content after exposed to plasma (peak region at 2850 – 2990 cm-1).
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Figure 3. Reactive Ion Etching of spin-on nc-Si films obtained from colloidal Si nanocrystals.
A) Schematic of the experiment to determine etch rates by comparing exposed to unexposed areas
of the film. B) Cross-sectional SEM images of the unexposed (left) and exposed (right) regions of
the films. C) Schematic demonstration of the effect of nanoscale surface roughness on the etching
when compared with a flat surface. D) Etch rate measured from nc-Si film made of different
particle size. Dashed red line shows the average etch rate measured across all sizes of particles.
Grey line is for the sc-Si standard.
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