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Density influences many functional properties of materials. For 
thin films, density is measured by weighing1 as well as typically 
by more sophisticated methods, including ones based on laser-
generated surface acoustic waves,2 ellipsometry,3 spectrophoto
metry,4 Rutherford backscattering of charged particles,5 X-ray 
absorption or fluorescence,6,7 electron energy loss spectra8 and 
angular dependence of specular X-ray reflectivity.9

For films of silicon nanocrystals produced by chemical vapor 
deposition, the density constitutes ~30% of that of bulk silicon.10 
The conditions of other gas-phase approaches, including aerosol 
impaction or supersonic aerosol jet deposition, can be varied to 
produce films with a relative density range from ~5% in dendrite-
like structures3,11 to ~60% in random close packing of particles.12,13 
In general, for efficient electronic transport through a network, high 
fraction of conducting material is essential.14 For semiconductor 
nanoparticles, solution processing typically leads to lower fractions 
of conducting particles in films at least due to a surface 
passivation,15 therefore new techniques of compacting the solution-
processed nanoparticle films are sought for. The purpose of this 
work was to determine the density of nanosilicon films prepared 
from sols and to explore compaction of these films.

Figure 1 demonstrates the densities of nanosilicon pellets as 
well as films deposited by spin-coating (SP-films) and centrifugation 
(C-films) techniques.† The film densities were 0.2–0.5  g  cm–3, 
whereas the density of nanosilicon pellets varied in a range of 
0.61–1.05 g cm–3. For comparison, the densities of face-centered 
cubic (FCC) close-packed silicon spheres (1.725  g  cm–3) and 
bulk silicon (2.330 g cm–3) are given in Figure 1. We  assumed that 
both nanosilicon film and pellets contained a large number of 
cavities, as the packing of silicon particles was friable.

This statement is based on the SEM microphotographs‡ of 
nanosilicon pellets, SP-films and C-films (Figures  2 and  3). 
The films were loose and highly porous over the entire thickness, 
with large cavities that were connected by foramens, whereas in 
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The density of nanoparticle composites influences their 
electronic properties. We used X-ray fluorescence- and UV-
VIS spectroscopy-based techniques to demonstrate, that sol-
processed nanosilicon films were friable, however their density 
was improved up to ~1 g cm–3 with high-vacuum annealing 
due to compaction of the nanosilicon particle packing. According 
to SEM data, the size and shape of nanoparticles remained 
unchanged after the annealing, except for a silicon whisker 
growth observed at 1000 °C.
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†	 We used pure silicon nanoparticles with 10–15 nm diameter, which had been 
synthesized by pyrolysis of monosilane16 as well as silicon nanoparticles 
doped with 0.24 at% phosphorus.17 Other commercial chemicals were used 
without additional purification: SiO (high purity), Ti (99%), Al (99.9999%), 
Au (99.99%), Mg (99.99%), argon (high purity) and C2H5OH (95%).
	 Nanosilicon pellets were pressed at 4 kbar using steel press forms of  
3 and 6 mm diameters. Sols were prepared by dispersion of nanosilicon 
powder in ethanol employing an ultrasonic bath, the sol concentration was 
~0.13  mg  ml–1. Doped silicon nanoparticles were preliminarily etched 
with concentrated hydrofluoric acid to dissolve surface silicon oxide. Sols 
were used for fabrication of films on glass and thermooxidized silicon 
substrates. Glass substrates were processed by argon plasma for better 
wettability. A gold layer was deposited on silicon substrates before the film 
deposition to make possible further measurement of the surface density of 
films (see Online Supplementary Materials). Spin coating was performed 
using a KW-4A spin coater (Chemat Technology, USA) in the following 
way. Dripping of the sol onto the substrate was followed by solvent 
evaporation at 1000 rpm for 1 min as well as the final alignment and drying 
at 6000 rpm for 2 min. This procedure was repeated up to 10 times to 
produce a desired film thickness. Centrifugation of nanosilicon sols was 
carried out using a Hettich EBA-21 centrifuge (Germany) at 12500 g for 
15 min or at 18000 g for 5 min. This deposition method allows a control 
of film thickness by varying the sol concentration.

1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

2.0

2.5

Sample no. of film

d/
g 

cm
–3

Bulk silicon

Density range of nanosilicon pellets

FCC close-packing
of silicon spheres

Figure  1  Density of nonannealed nanosilicon pellets and eight samples of 
films deposited from sols by (1–4) spin coating and (5–8) centrifugation.
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pellets the packing of nanosilicon particles was closer and the 
cavities were smaller.

To improve the packing efficiency, nanosilicon pellets were 
annealed at different temperatures§ and their density was determined 
(Table 1). Annealing at 500 and 800 °C hardly affected the density, 
whereas treatment at 1000 °C led to its increase by 1–10%. 
According to SEM data, the morphology of pellets remained 
unchanged upon annealing.

Volumetric density of annealed undoped and doped nanosilicon 
C-films was calculated from their surface density and thickness 
(see Table 1). Increase in the annealing temperature led to a steady 
growth of volumetric density for undoped C-film up to 1.00 g cm–3. 
An increase in the density of undoped films was higher than that of 
the doped ones due to the crystallization of amorphous silicon. 
For P-doped films, the amorphous layer had crystallized in annealing 
during the doping procedure.17

SEM images of C-films did not reveal any difference between 
the initial samples and the annealed ones except for the film annealed 
at 1000 °C. For this sample, there were numerous silicon whiskers, 
which had grown through the film (Figure  4). The growth of 
silicon whiskers in vacuo at 1200 °C had been described,18 but in 
our experiment the temperature was lower by 200 °C. From SEM 
images, we can conclude that particle size and shape are not 
noticeably affected by annealing.

In summary, we have explored the volumetric density of 
nanosilicon pellets and sol-deposited films. The sol processed 

films initially possess low density, however it can be increased 
by a factor of 4–5 upon annealing in a high vacuum at temperatures 
up to 1000 °C. We associate the initial low density with agglomerates 
present in the sols of nanosilicon in polar solvents.19

This work was supported by the Russian Foundation for Basic 
Research (grant no. 17-03-01269).
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	 Films thickness was determined using a TalyStep profilometer (Tailor-
Hobbson, USA). Nanosilicon films were friable and the measuring 
needle was drowning, therefore the direct observations were not possible. 
To ensure the measurement, a 200 nm Ti layer was deposited by thermal 
spray technique in vacuo after scratching the films. This layer provided 
the necessary toughness to the films and did not affect the measurement 
results. The data were averaged over five determinations and diverged 
from direct SEM measurements by less than 20%.
	 Volumetric density of the nanosilicon films was derived from their 
surface density. The surface density of relatively thick nanosilicon films 
(2–20 mm), which absorbed the M-series radiation of gold, was calculated 
by absorption of X-ray fluorescence (XRF) of the gold mark deposited on 
the substrates prior to introduction of nanosilicon. For optically transparent 
0.2–3 mm films deposited on glass substrates, the surface density was 
determined using optical absorption. The XRF and optical absorption spectra 
were obtained using a Bruker M1 Mistral X-ray spectrometer and a Varian 
Cary  50 spectrometer (USA), respectively (see Online Supplementary 
Materials).
‡	 Film morphology was investigated using a Carl Zeiss Supra 40 scanning 
electron microscope (Germany) at accelerating voltage 10  kV and 
resolution 1.5 nm.
§ 	 Annealing of nanosilicon pellets and films was performed in quartz 
ampoules evacuated to 1×10–2  Torr. Sealed ampoules were initially 
annealed with a magnesium getter at 120 °C for the removal of residual 
oxygen and water. Then they were separated from the getter and finally 
annealed at 300–1000 °C for 2 h (see Online Supplementary Materials).
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Figure  2  Typical SEM image of (a) nonannealed nanosilicon pellet and 
(b) SP-film.
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Figure  3  SEM images of nanosilicon C-films: (a) end cleavage and (b) top 
view.

Table  1  Density of nanocrystalline silicon pellets (6 mm in diameter pressed 
at 4 kbar) and C-films before and after annealing at different temperatures.

Sample
Pellets C-films

T/°C d/g cm–3 T/ °C Doping d/g cm–3

1   – 0.75   – – 0.18
  500 0.72   300 – 0.28
1000 0.76   800 – 0.72

2   – 0.91 1000 – 1.00
  800 0.90   – P 0.27
1000 1.00   300 P 0.36

3   – 0.88   500 P 0.52
1000 1.02 1000 P 0.91

1000 nm

Figure  4  SEM image of the end cleavage for undoped nanocrystalline 
silicon C-film annealed at 1000 °C.


