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Silicon nanoparticles (Si-NPs) capable of photoluminescence (PL) over the energy range from 790 nm to
900 nm were synthesized from silicon monoxide by increasing annealing temperatures from 25 °C to
950 °C. The PL of nanoparticles has remained stable for more than ten months from the date of the
hydrosilylation of their surface by 1-octadecene. Solid samples of Si-NPs grafted with 1-octadecene are
stable in the air up to 220 °C. The mean sizes of particles and their size distribution density function were
derived from SAXS and XRD experiments and compared with TEM and HRTEM images and values
calculated by the quantum limit model in accordance with the experimental optical absorption gap
values. The absorption spectra of Si-NPs synthesized at 25 °C, 200 °C and 300 °C exhibited a blue shift of
the fundamental absorption edge with respect to silicon single crystals; the absorption of Si600 and
Si950 at the same incident photon shows energies increase. The PL peak of Si-NPs shifted toward longer
waves as the synthesis temperature increased and exhibited a stronger red shift with respect to the
photoexcitation wavelength. An analysis of the red shift led us to conclude that the surface states related
to (Si—0) bonds influenced the effectiveness of PL. The Si-NPs PL quantum yield increased as the
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annealing temperature grew and reached a maximum of ~12% for Si-NPs at 950 °C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silicon is one of the most technologically important materials
today owing to its omnipresent significance in microelectronics. In
recent decades, nanocrystalline silicon has been the focus of
attention of researchers because of the effective photo-
luminescence (PL) of Si-NPs in the UV—VIS range. The possibility of
such a PL in an indirect band semiconductor such as silicon is
related to the relaxation of the momentum rule in Silicon nano-
particles (Si-NPs) less than 5 nm in diameter as a result of the
quantum confinement effect.

Initially, the PL spectrum in the red region was observed for
porous and nanocrystalline silicon [1—4]. Since then, the number of
publications on this issue has been growing steadily. There are
many ways to obtain Si-NPs, including electrochemical etching of
bulk silicon wafers [5], sputtering [6], laser ablation [7,8], laser-
induced pyrolysis of monosilane [9], plasma enhanced chemical
vapor deposition (PECVD) [10], etc. However, the task of creating
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a simple and effective method for obtaining macro amounts of
high-quality silicon nanoparticles capable of photoluminescence in
the visible range with a high quantum yield is still of great current
interest.

A promising method for Si-NPs synthesis is the isolation of
nanoparticles from commercially available SiOx (0.4 < x < 1.6)
powders used in electronic industry. In the earliest reports on the
use of SiOx powder, Si-NPs formed in Si/SiO; superlattices during
powder deposition on a substrate and its subsequent annealing at
~1100 °C [11,12]. However, we believe that the most efficient
method for the synthesis of macro amounts of Si-NPs from SiOx
powder is its pre-heating and subsequent etching with hydrofluoric
acid, as was reported in [13—15]. Minimum SiOx powder annealing
temperatures in these studies exceeded 900 °C, and it was reported
[13] that, at a SiOg4 powder annealing temperature of 900 °C,
Si-NPs photoluminescence was not detected even after etching in
hydrofluoric acid. To increase PL efficiency and stability, the surface
of Si-NPs was subjected to hydrosilylation. As a result, stable
(Si—C) covalent bonds replaced metastable (Si—H) bonds. The
hydrosilylation procedure was successfully applied in [16,17]
for the passivation of the surface of Si-NPs synthesized by
monosilane laser-induced pyrolysis. As a result, blue to red emitting
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nanoparticles were obtained from originally non-fluorescing
silicon nanoparticles. The characteristic times of thermally acti-
vated hydrosilylation were of from 3 to 48 h [14,17].

In this study, we developed a procedure for annealing SiO
powders at temperatures up to 950 °C and the hydrosilylation of
nanoparticles within a time range not exceeding 10 min. The mass
yield of Si-NPs capable of bright red photoluminescence was
100 mg per 2 g of the initial SiO powder. The photoluminescence of
nanoparticles was stable for ten months from the date of the
hydrosilylation of their surface. Solid samples of Si-NPs grafted
with 1-octadecene were quite stable in air up to 220 °C. The Si-NPs
PL quantum yield increased as the annealing temperature grew and
reached a maximum of ~12% for Si-NPs synthesized at 950 °C.

2. Experimental details
2.1. Synthesis of silicon nanoparticles

We used silicon monoxide, SiO (high purity, grade A, Reachem),
hydrofluoric acid (analytical grade, Reachem), 1-octadecene (Acros,
99 + wt%), hexane (analytical grade, Ecos-1), methanol (analytical
grade, Ecos-1).

Si-NPs were synthesized from silicon monoxide, SiO. The SiO
powder (2 g) was ground up in an agate mortar to particle sizes of
~100 pm and heated from room temperature to 950 °C in air for
4 h in closed corundum cruicible. Si-NPs are formed in heating the
prepared SiO powder from 25 °C to 950 °C according to the
reaction:

2Si0—Si0, + Si (1)

In what follows, Si-NPs synthesized at SiO powder temperatures
of 25, 200, 300, 600, and 950 °C are denoted by Si25, Si200, Si300,
Si600, and Si950, respectively. The product was etched with
concentrated hydrofluoric acid (HF, 49 wt%) to remove SiO, matrix
formed after heat treatment of the initial powder. Etching was
performed at 50 °C for ~20 min until cessation of gas emission
(SiF4 + Hy) while stirring in an ultrasonic bath with using 150 W
ultrasound power, frequency » = 37 kHz (PULSE 270 M-002935).
After etching in HF a suspension of nanoparticle agglomerates is
obtained. The suspension was diluted with water 10 times and
centrifuged. Centrifugate (supernatant fluid) is separated, and the
sediment with water and muddle was again mixed by ultrasound
for 1 min and then centrifuged. Centrifugate is separated, and the
sediment covered with methanol (in this case stood out gas;
separate checks during prolonged treatment with methanol for 2 h
revealed no spectral differences) and muddle on ultrasound 1 min.
Centrifugate is again separated. Centrifugations were done using:
2000x g, for 20 min. Distilled water was used in every instance
where water was used.

2.2. The protection of nanosilicon particles with alkenes

The procedure for the temperature-initiated hydrosilylation of
silicon nanoparticles saturated with (Si—H) bonds is described in
[16,17]. It is based on the observation that, at high temperatures,
some (Si—H) bonds dissociate, Si—H — Si- + H-. Further, some
silicon dangling bonds can interact with alkenes having terminal
double bonds:

R H H R H
o | [ 2R & | \ e
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We used 1-octadecene as organic molecules with terminal
double bonds. Silicon nanoparticles collected after centrifugation

were dispersed in a quartz tube in a solution of toluene (4 ml). The
suspension was subjected to ultrasonic mixing, and 1-octadecene
(4 ml) was then added to it. The test tube was heated to the 1-
octadecene boiling point (315 °C) and held at this temperature for
5 min. 1-octadecene boiling provides intense mixing of initially
insoluble particles. This temperature-activated hydrosilylation
procedure differed from a similar procedure described in
Refs. [14,17] by a higher temperature, at which hydrosilylation was
performed, and resulted in a significantly shorter time during
which the process was conducted. At the end of a 5-min hydro-
silylation interval, initially turbid solution became transparent and
turned reddish-brown. After Si-NPs hydrosilylation, the mixture
was cooled, diluted with hexane 3 times, and then centrifuged. The
precipitate was separated, and the centrifugate containing nano-
particles in solution was mixed with methanol (1:1) for coagulation
and again centrifuged. The centrifugate is separated, the precipitate
was dissolved in hexane without ultrasound to obtain nanoparticles
in solution. For further purification it was mixed with methanol
(1:1) for coagulation of the sol and again centrifuged. Centrifugate
was separated, and the precipitate was dissolved in hexane (toluene
or chloroform) to give purified nanoparticles in sol. With all these
solvents, Si-NPs formed stable sol. Hydrosilylation caused a signifi-
cant increase in the intensity of photoluminescence than that
which was observed immediately after SiO powder etching with
concentrated hydrofluoric acid. Hydrosilylized Si-NPs samples were
studied using a LEO 912 AB OMEGA and Jeol-JEM 2100 F/Cs trans-
mission electron microscope at an accelerating voltage of 200 keV.
The transmission spectra were recorded with Avantes-AVA-Spec-
2048 and SF-104 (Interphotophyisics) spectrophotometers over
the range 200—1000 nm. The photoluminescence of Si-NPs was
excited by diode lasers with wavelengths of 407 and 532 nm and
light-emitting diodes (LED) with a maximum intensity near
405 nm. The photoluminescence spectra were recorded using an
Avantes-AVA-Spec-2048 spectrophotometer.

In the present study, we developed a procedure for annealing
SiO powders at temperatures up to 950 °C and the hydrosilylation
nanoparticles within a time not exceeding 10 min. The mass yield of
Si-NPs capable of bright red photoluminescence was 100 mg per2 g
of the initial SiO powder (~16% of theoretical yield). The photo-
luminescence of nanoparticles was stable for ten months from the
date of the hydrosilylation of their surface.

2.3. Structural properties

The structures of the synthesized Si-NPs were studied by TEM
and HRTEM. A typical TEM and HRTEM photomicrograph of Si-NPs
is shown in Fig. 1. An analysis of images showed that the maximum
size of particles in all the samples did not exceed 4 nm. The inset in
Fig. 1 also shows a selected area electron diffraction pattern ob-
tained for Si-NPs. To improve the picture of diffraction rings, the
inset consists of two micrographs obtained using different expo-
sure times. The diffraction rings from Si-NPs were identified with
silicon atomic planes by comparing their diameter with that of gold
foil rings (gold was used as an internal reference). As a result, the Si-
NPs interplanar distances were identified and the corresponding
Miller indices were determined. An analysis shows that the
diffraction rings nearest to the center (Fig. 1) correspond to the
silicon (111), (220), (311), and (331) atomic planes.

The crystallinity of the particles was also confirmed by X-ray
powder diffraction (XRD) experiments carried out on the sample
obtained at temperature 200 °C. The XRD measurements were
performed in a high resolution imaging-plate (IP) Guinier camera
Huber G670 [18] with Cu Ko radiation (A = 1.5405981 A) from
a sealed X-ray tube operated at 30 kV, 40 mA. The data recording
from the sample in the form of the powder adhered to a thin flat
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Fig. 1. Si-NPs TEM images. (a) The inset shows a selected electron diffraction pattern
area for Si-NPs sample synthesized at 300 °C (Si300 sample). LEO 912 AB OMEGA;
accelerating voltage of 200 keV (b) HRTEM, Jeol-JEM 2100 F/Cs, accelerating voltage of
200 keV. Red circle pointed single silicon nanoparticle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

polymeric foil (6 pm thick Mylar) attached to the sample holder in
transmission-asymmetric geometry was made by a flexible IP
detector bent according to camera radius 90 mm and covering the
scattering angles 20 from 1° to 100°. The XRD pattern of the
sample together with a pattern of the standard crystalline Si
powder having average grain diameter about 0.2 um is shown in
Fig. 2. The narrow Bragg peaks of the standard crystalline Si
powder exactly correspond to FCC Brave unit cell with the lattice
parameter 0.54311 nm (diamond structure, space group Fd3m).
The maxima of three clearly observed peaks on the XRD pattern of
Si200 sample match to those of the standard crystalline
powder having indices hkl 111, 220 u 311, that proves the sample
crystallinity.
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Fig. 2. X-ray powder diffraction patterns demonstrating the crystallinity of the parti-
cles in sample Si200. Brown line — XRD pattern of the standard crystalline Si (hkl
indices are shown near the Bragg peaks). Blue line - XRD pattern of the synthesis
product obtained at 200 °C before atching in HF. Red line — the same product after
etching in HF (sample Si200). Etching removed the amorphous phase and revealed the
footprints of high angle peaks (331), (422) and (511) of c-Si. The data were collected
during 14 h compared to 30 min for the standard c-Si. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

The weaker Bragg peaks 400 and 331 of silicon are not observed
in Si200 pattern because of shading by a high background from the
polymer substrate, due to the volume of the probe material avail-
able for the analysis not being sufficient to completely cover the
irradiated area of the substrate (12 x 20 mm?). The large breadth
(more than 2° in 20) of the observed peaks on Si200 XRD pattern is
due to very small crystalline domains.

The poor quality of the XRD pattern does not allow for a crystal size
determination by means of modern full profile analyses [19]. Simple
estimates of the spherical crystalline domain sizes according to the
Scherrer formula and average deformations according to Wilson
formula based on peak profile width taking into account the instru-
mental function [19] gave us the value of 2.5 nm for the average
crystalline particle diameter at mean relative deformation 0.8%.
However, one should be cautious with such estimates as far as these
early theories do not allow for crystal lattice breaking at short distances
like it is in the case of nanoparticles substantially smaller than 10 nm.

More correct nanoparticle size determinations may be done by
the small angle X-ray scattering technique (SAXS) using the prin-
ciples described in details e.g. in monographs [20,21]. SAXS
measurements were performed with a high flux SAXS instrument
(SAXSess, Anton Paar) equipped with Gébel mirror and Kratky
block-collimation system [22] using Cu Ko radiation from a line
focus of a sealed X-ray tube. Samples in the form of a solution of
particles in hexane were placed into a special Anton Paar’s quartz
capillary sample holder. The scattering patterns were recorded on
an imaging plate (IP) detector in the diffraction angle 26 range
0°—30°. The 2D pattern from the IP was integrated and transformed
to 1D intensity distribution I(q) with the aid of SAXSQuant 2.0
software (Anton Paar, GmbH). The SAXS part in the range of scat-
tering vector 0.08 < q < 2.00 nm—" was processed for particle size
determination. After the subtraction of the background scattered
by the capillary and solvent, data desmearing (X-ray tube focus
length deconvolution) was performed. Particle size distribution
density functions p(r) were computed from the desmeared SAXS
data using the generalized indirect Fourier transformation with the
aid of GIFT program [23,24] in the approximation of a poly-
dispersed spherical particle system. The results for all the investi-
gated samples are shown in Fig. 3.
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Fig. 3. Particle size distributions derived from the SAXS data. Curves 1-5 relate to the
Si-NPs samples synthesized at temperatures 25, 200, 300, 600 and 950 °C respectively.
For better comparison of curve positions and widths, the graphs have been reduced to
unit heights, therefore their shapes differ from lognormal size density distribution
really observed in the samples. The values of particle diameters Dyoqe cOrresponding
to the main maxima of the curves are given in Table 1.

2.4. Thermogravimetric analysis

The differential scanning calorimetry (DSC) and thermogravi-
metric analysis (DTG) (NETZSCH STA 409 PC/PG) of preliminarily
dried 1-octadecene grafted silicon particles (120 °C) was carried out
using a heating rate of 5 °C/min from 20 to 400 °C. Sample mass
was 6 mg, Al,03 crucible. A small weight loss over the temperature
range 170—220 °C is most likely related to the removal of residual
solvent (hexane: nanoparticles were isolated from a hexane solu-
tion) present in the octadecene coat. Above 220 °C, intense weight
loss begins. It is accompanied by a substantial endothermic effect
likely caused by the decomposition of the octadecene coat. The
conclusion can be drawn that the nanoparticle samples studied are
quite stable in air up to 220 °C.

2.5. Spectroscopic characterization

Infrared spectra were recorded on Specord-M82 spectrometer
with a typical spectral resolution of 2 cm~'. The spectra (Fig. 4)
show that the functionalization of Si-NPs with 1-octadecene yields
alkyl-terminated nanoparticles. Spectra exhibit three close-lying
absorption bands centered at 2904 cm~! and being characteristic
for »(C—Hy) stretching modes. At the same time, physosorption of
free alkenes with characteristic bands »(C=C) ~ 1650 cm ™" or »(C=
CH;) ~ 3050 cm™! is not observed.
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Fig. 4. Infrared spectrum of silicon nanoparticles produced at 950 °C (Si950) and
hydrosilylated with 1-octadecene.

The data correspond to 1-octadecene terminated samples
prepared through thermal hydrosilylation treatment: v,(C—H in
CHs3) = 2956 cm 1 v2s(C—H in —CHy—) = 2921 cm™ L vs(C—H in
—CH,—) = 2852 cm™!; »[(Si3)Si—H] = 2086 cm™!; scissoring vibra-
tion 6(CH,) = 1464 cm~!; umbrella type of vibration,
6(CH3) = 1376 cm™ . Oxidation could be a concurrent reaction to
hydrosilsilylation and vibrational modes v,5(Si—0) = 1096 cm ™,
v5(Si—0) = 1065 cm™~! can be assigned to (—O—Si—O—) bonds on the
Si-NPs surface; absorption bands at 3624 cm~! and 3396 cm ™! are
characteristic for stretching vibrations of (O—H) groups [25,26]. The
small peak at 720 cm™! can be assigned to rocking vibration of
(—CHy—) groups, r(—CHy—). The vibrational stretching mode for
Si—C is seen, »(Si—C) = 650 cm™~ !, in accordance with earlier obser-
vations of [25]. The broad peak at 650 cm™~! can be assigned to the
formation of Si—C bonds, and provides a direct proof that the reac-
tion was successful. The absorption intensity of »[(Si3)Si—H]
stretching mode at 2086 cm™! can be used as a relative index of
hydrosilylation reaction progress. The integral intensity ratio
I(vas(C—H)/1[(Siz)Si—H] ~ 13 of vas(C—H in —CH,—) = 2921 cm ™! and
»[(Si3)Si—H] = 2086 cm~! indicate the high power of completeness
the hydrosilylation process [25]. Similar spectra have been reported
in the literature for other hydrosilylated silicon nanoparticles (see,
e.g. review article [26]).

3. Results and discussion
3.1. Absorption spectra

Transmission spectra of silicon nanoparticles, dispersed in
hexane were recorded in the range from 300 nm up to 1100 nm for
samples Si25, Si200, Si300, Si600 and Si950. Transmittance of silicon
nanoparticles was determined as the ratio of intensity of probing
radiation transmitted through quartz cell with hexane containing Si-
NPs to that transmitted through the same cell with pure hexane. For
further calculation of Si-NPs absorption coefficient, the reflection
spectra were measured by similar technique. The Si-NPs absorption
coefficient o was calculated from the equation [27]:

(1-R?e
1 — R2e—2ad

Equation (2) determines passage of radiation through the
absorbing layer at multiple reflections of this radiation from
boundaries of a layer. T and R are the measured normalized
transmittance and reflectance of silicon nanoparticles; d is the
effective thickness of Si-NPs layer along a propagation direction of
the probing radiation. Scattering of probing radiation on solutions
with silicon nanoparticles was insignificant and we neglected this
process in our calculations.

The concentration of Si-NPs in all the studied solutions was
identical and equal to C = 75 pg/ml. To calculate the Si-NPs
effective absorption length in solutions, we have used the fact
that the maximum Si-NP sizes do not exceed 5 nm. Hence, at a
concentration of 75 pg/ml the number density of silicon
nanoparticles in solutions under investigations turn out
~5.5 x 10" ecm~3. Accordingly, at this concentration the average
distance between adjacent nanoparticles is ~120 nm. Therefore,
when calculating the Si-NPs absorption coefficient in the wave-
length range from 300 nm up to 1100 nm in colloidal solution with
discretely located therein nanoparticles can be regarded as
a continuous medium with an effective thickness is determined by
the following formula:

T = (2)

d

C-L
- (3)
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Here, p equals mass density of Si-NPs and L equals the thickness
of cell in a direction parallel to the propagation direction of the
probe radiation, which in our experiments was 1 cm.

Absorption coefficients calculated for Si-NPs synthesized at
elevated temperatures (Si25, Si200, Si300, Si600 and Si950
samples) are shown in Fig. 5. The same figure shows the absorption
spectra of silicon single crystals (c-Si) for comparison.

Fig. 5 shows that, near the silicon fundamental absorption edge,
samples Si25, Si200 and Si300 exhibit blue shifts with respect to
the absorption by c-Si. However, whereas the absorption behavior
of Si25, Si200, Si300 nanoparticles at incident photon energies of
~1.25 eV is similar to the absorption spectrum of silicon single
crystals, the absorption of Si600 and Si950 at the same incident
photon shows energies increase. For microcrystalline and amor-
phous silicon, increased absorption is usually associated with
structural defects [28,29]. It can therefore be suggested that the
concentration of defects in silicon nanoparticles synthesized at
temperatures 600 °C and 950 °C is significantly higher than in the
nanoparticles formed at lower temperatures. In Fig. 6, the absorp-
tion spectra are shown in the coordinatesv'a- hv — hv, where « is the
sample absorption coefficient for photons with the energy hv. Fig. 6
shows the energy area for all the analyzed curves, where the plots
are well approximated by the linear function:

Va-hy = A(hv — E) (4)

In equation (4), A depends on the matrix element of optical
transition and convolution valence and conduction bands energy
[30]. Graphically, the Eg value is defined as the intersection of linear
approximation (equation (4)) with the hv axis.

For samples Si25, Si200, Si300, Si600 and Si950, Eg values are
2.60, 2.55, 2.50, 2.30 and 2.50 eV respectively. The dependence of
equation (4) is characteristic of indirect transitions near the crys-
talline and amorphous silicon fundamental absorption edge
[31,32]. Accordingly, the Eg value determines the width of the
fundamental gap I'y5 — X;. In this case, such a dependence is valid
in the energy range 2.6 < hy < 3.6 (eV), i.e. far from the funda-
mental absorption edge of the silicon single crystal. However, in
[33,34], dependence (4) was observed near the I'ys — L; indirect
transition of p-Si and Si-NPs. Accordingly, we believe that the
measured Eg values 2.60; 2.55; 2.50; 2.30 and 2.50 eV correspond to

Y P

10 4
104 4
10° 5

102

Absorption coefficient (em-1)

I g 1 E T = T 5 i

10 15 20 25 30 35 40
Energy (eV)

Fig. 5. Absorption spectra of Si-NPs synthesized from SiO powder at elevated
temperatures from 25 °C to 950 °C (samples Si25 -1, Si200 — 2, Si300 — 3, Si600 - 4 and
Si950 — 5). As a reference, spectral dependence of crystalline silicon absorption is
shown by curve 6.

the width of the Si-NPs band gap for the I'ys — L; indirect transi-
tion. For c-Si at room temperature, Eg (5 — L1) = Eg (c-Si) = 1.8 eV
[35]. Consequently, for nanoparticles in samples Si25, Si200, Si300,
Si600, and Si950, the Eg (I'ys — Ly) value is larger than Eg(c-Si) by
0.80, 0.75, 0.70, 0.50, and 0.70 eV, respectively. Note that the
absorption spectra measured for each sample are associated with
ensembles of Si-NPs with different mean nanoparticles sizes, as
follows from the SAXS data (Fig. 3). Therefore, the calculated band
gap energies are ensemble averages for the corresponding sample.

3.2. Si-NPs photoluminescence

All the recorded photoluminescence spectra (Avantes - AVA-
Spec-2048) were corrected taking into account the spectral
instrumental function.

For the spectrometer spectral function characterization, radia-
tion produced by a tungsten filament heated to a temperature of
2400 °C was recorded. The spectrum was then compared with the
spectrum of blackbody radiation of the same temperature corrected
by the tungsten blackness factor. The spectrometer spectral func-
tion was obtained through dividing the theoretical tungsten
emission spectrum by the recorded spectrum. The photo-
luminescence spectra excited in Si-NPs samples Si25, Si200, Si300,
Si600, and Si950 at a wavelength of 405 nm are shown in Fig. 7. As
we can see from Fig. 7, the spectra of all the samples are strongly
structured.

To determine the spectral composition of the photo-
luminescence peak, the signal was approximated by four Lor-
entzian contours. A typical example of such an approximation for
sample Si950 is shown in Fig. 8.

The position of each experimental peak on the wavelength axis
was calculated as a weighted average of the positions of the Lor-
entzian contours with weights corresponding to the integrated
intensity in each profile. The photoluminescence peak Epy are listed
in Table 1 as depending on sample synthesis temperatures. Table 1
also contains Si-NPs band gaps Eg (I'y5 — L;) calculated from the
absorption spectra and the Stokes shifts, which were determined as
the differences between the energy gap E,; and the photon energy
Ep; at the photoluminescence peak maximum. Table 1 also presents
the average diameters of Si-NPs calculated by the quantum limit

. VA /A . .
10 15 20 25 30 35 40 45
Energy (eV)

Fig. 6. Si-NPs absorption spectra from SiO powder at elevated temperatures from
25 °C to 950 °C (samples Si25 -1, Si200 — 2, Si300 - 3, Si600 - 4 and Si950 - 5).
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normalized intensity, a.u.

Fig. 7. Si-NPs photoluminescence spectra. Numbers 1-5 correspond to samples Si25,
Si200, Si300, Si600, and Si950, respectively. Excitation wavelength is 405 nm. The inset
shows a photograph of Si-NPs photoluminescence for Si300.

model [36,37] in accordance with the experimental E; values. The
calculated values are in agreement with the experimental data
derived from SAXS measurements (Fig. 3).

Table 1 shows that the E; values monotonically decrease for
samples Si25, Si200, Si300 and Si600, whereas there is a noticeable
increase in the band gap for sample Si950. In accordance with the Eg
values, the average Si-NPs diameter in the ensembles increases to
2.5 nm, and then, in the Si950 sample, decreases to 2.1 nm. Simul-
taneously, the Ep; value decreases monotonically as the synthesis
temperature grows, which corresponds to a shift of the PL toward
longer wavelengths, regardless of the Si-NPs average diameter.
Accordingly, the Stokes shift first decreases, reaches a minimum of
0.85 eV for sample Si600, and then increases to 1.12 eV for Si950. A
large Stokes shift indicates that photorecombination is not via free
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Fig. 8. Si-NPs photoluminescence spectra (Si950 sample). The black solid line is the
experimental spectrum; the red line is the approximation with four Lorentzian
contours (shown by dark green lines). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Optical characteristics and average Si-NPs diameters depending on synthesis
temperature.

Temperature, °C 25 200 300 600 950
Optical absorption gap?, eV 2.60 2.55 2.50 2.33 2.50
Si-NPs average diameter®, nm 2.0 2.0 2.1 2.5 21
Si-NPs SAXS® Dinode, NM 2.6 2.2 25 2.6 24
PL peak energy maximum, eV 1.57 1.53 1.52 1.48 1.38
Stokes shift, eV 1.03 1.02 0.98 0.85 1.12

@ Estimated average uncertainties are 0.02 eV.

b Calculated by the quantum limit model [36,37] in accordance with the experi-
mental Eg values.

€ The values of particle diameters Dyoqe corresponding to the main maxima of the
curves (Fig. 3). Average uncertainties in Dpoqe Values are 0.2 nm.

exciton states, but via some impurity energy levels in the band gap
of Si-NPs.

The problem of a large photoluminescence red shift, which is
observed in the visible spectrum of silicon nanoparticles, was
studied in [38—40]. These studies reveal that the most likely source
of localized levels in the band gap of a nanoparticle less than 3 nm
in diameter is oxygen atoms situated on the surface and connected
to silicon with the formation of (Si—O) bonds. These studies also
demonstrated that the red shift of photoluminescence could reach
~1 eV. As noted above, the surface of Si-NPs was passivated by 1-
octadecene molecules. As a result, surface dangling bonds should
be saturated with carbon atoms that formed (Si—C) bonds. If we
assume that the Stokes shift is determined by the presence of
oxygen atoms on the surface, then it indicates that certain number
of oxygen atoms cover the surface of nanoparticles. The Ep. values
for Si600 and Si950 are 1.48 and 1.38 eV, respectively. However, it
follows from the absorption spectra shown in Fig. 5 that, at incident
photon energies 1.0 < hv < 1.8 eV, the absorption behavior of these
samples differs significantly from that of the Si25, Si200 and Si300
samples. We attribute this difference to a higher concentration of
defects in Si600 and Si950, which determine the main absorption in
this range. We believe that the main source of these defect states in
the Si-NPs band gap is dangling bonds on the surface of nano-
particles, i.e., covalent bonds of silicon atoms not saturated with
hydrogen and oxygen atoms or (Si—O) bonds. Thus, in Si600 and
Si950, the photoexcited exciton recombination of an electron —
hole pair is accomplished not only through the settlement of
radiation levels determined by bonds of the (Si—0) fragments, but
also as a result of collisional recombination via defect levels asso-
ciated with dangling bonds of silicon atoms arranged on the surface
of Si-NPs. This effect should in principle decrease the efficiency of
photoluminescence in the samples under study.

The Si-NPs photoluminescence quantum yield in hexane was
measured by comparing the photoluminescence signals of Si-NPs
and rhodamine 6G dissolved in ethanol. It is known that the
rhodamine 6G quantum yield at a 0.08 optical density at the
photoexcitation wavelength (337 < Aex < 530 nm) is 85%. For
comparison, the photoluminescence Si-NPs sol and rhodamine 6G
were prepared so that their optical densities were identical and
were 0.08 at wavelength A = 405 nm. We measured the total areas
under the peaks of Si-NPs and rhodamine 6G photoluminescence,
and, from a comparison of these areas, calculated the quantum
yield of the samples. Fig. 9 shows the dependence of the Si-NPs
quantum yield on the synthesis temperature.

It follows from Fig. 9 that the quantum yield increases from 0.3 %
to 11.7 % as the temperature of synthesis grows from 25 °C to
950 °C. Increasing the annealing temperature leads to an increase
in the concentration of luminescent centers associated with the
inclusion of oxygen in the silicon nanoparticles [41].

For Si300, the quantum yield was measured at two photoexci-
tation wavelengths, 41 = 405 nm (photon energy 3.06 eV) and
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Fig. 9. Dependence of the Si-NPs quantum yield (QY) on the annealing temperature.

Ay = 532 nm (photon energy 2.33 eV). Radiation power was
P; = 30 mW and P, = 100 mW, respectively. The photo-
luminescence spectra excited by these radiation sources are shown
in Fig. 10. As is seen from Fig. 10, the shape of the PL signal is almost
independent of wavelength and exciting radiation power.

The ratio between the quantum yields of photoluminescence
excited at wavelengths A1 and 1, is determined by the equation:

7]72 _ Iph211l] (1 — e*Dl)
M Ippilada (1 —e7D2)

Here Ipp; and Ipyy are the integral photoluminescence energy
spectra (area under the respective peaks) recalculated to the
number of photons when excited by radiation with wavelengths 14
and A,. I and I, are the intensities of incident pumping radiation,
and D and D, are the optical densities of the sample at the
wavelengths A; and 4,. Using this equation and the corresponding

(5)

Normalized intensity (a. u.)

T T

T T
700 800 900

Wavelength {nm)

T
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Fig. 10. Si-NPs photoluminescence spectra (sample Si300). Quantum yield was
measured at two photoexcitation wavelengths, 4; = 405 nm (blue, photon energy
3.06 eV) and A, = 532 nm (green, photon energy 2.33 eV); radiation power P; =30 mW
and P, = 100 mW, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

A Conduction band B

Non-radiative
transition

7N\

Valence band

Fig. 11. Schematic diagram of Si-NPs energy levels, synthesized at 25 °C, 200 °C and
300 °C temperatures (A); 600 °C and 950 °C - (B). 1 - energy levels determined by the
surface states of Si-NPs. 2- energy levels due to (Si—0) bonds. Eg = 2.55 eV and 2.44 eV
correspond to average values for Si25, Si200, Si300 (A) and Si600, Si950 samples (B)
respectively; E = 1.54 eV and 1.43 eV refer to PL peak energy maximum for Si25, Si200,
Si300 (A) and Si600, Si950 samples (B) respectively (see Table 1).

D1 and D, values determined from the absorption spectrum of Si-
NPs (Si300 sample) gave the ratio of quantum yields:
1n/m1 = 0.92. Thus, when photoluminescence is excited by
photons with energies of 3.06 eV and 2.33 eV, the quantum yields
are approximately equal. Since the 2.33 eV photon energy is close to
the band gap of the Si300 ensemble (determined from optical
absorption, Table 1), it follows from this equality that: (i) The
energy loss of photoexcited nanoparticles at the stage of relaxation
from the highest state of excitation by 3.06 eV photons to the state
determined by a (Si—0) bond is very small. (ii) The main energy loss
leading to a decrease in the photoluminescence quantum yield is
related to collisional recombination via defect levels lying below
the (Si—0) level.

As can be seen from the estimates based on the analysis of the
absorption spectra (Figs. 5 and 6) and SAXS measurements (Fig. 3),
the mean Si-NPs size synthesized at different annealing tempera-
tures of silicon monoxide are independent of the synthesis
temperature in the estimated uncertainty limits (Table 1). Accord-
ingly, the average band gap values of the nanoparticles do not
depend on the annealing temperature. However, with increasing
annealing temperature, photoluminescence spectra of the synthe-
sized nanoparticles exhibit a red shift and the quantum yield of
photoluminescence increases (Fig. 9). Nature of this phenomenon
can be rationalized if we consider observed independence of the
quantum yield for each sample Si25—Si950 on excitation wave-
length in the range of 400—530 nm, corresponding to a photon
energy 3.1-2.3 eV (Fig. 10). This observation implies that the pop-
ulation of the upper emitting level in Si-NPs occurs by collisions
without significant loss of energy. As already noted, the upper
emitting levels in the studied silicon nanoparticles are in the band
gap of silicon nanoparticles, and very likely related to the (Si—0)
bonds [38,42—45].

Under this assumption, increasing the red shift of the photo-
luminescence spectrum of nanoparticles should denote a decrease
in the (Si—0) levels with respect to the band gap of silicon nano-
particles (see Fig. 11). It is also likely that the increase in annealing
temperature leads to a higher density of states associated with the
(Si—0) bonds [41,46].

4. Conclusions

Silicon nanoparticles capable of photoluminescence in the
visible range were synthesized from silicon suboxide powder (SiOx,
x = 1) heated at temperatures from 25 °C to 950 °C and then etched
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with concentrated hydrofluoric acid. Etching removed the amor-
phous phase and revealed the XRD footprints of high angle peaks
(331), (422) and (511) of c-Si (Fig. 2). Earlier it was observed the
significant improvements in the PL quantum yield during the acid
treatment, suggesting improvement in dangling bond passivation
[45]. Hydrosilylation procedure was used to attach 1-octadecene
molecules to Si-NPs surface. As a result, Si-NPs photo-
luminescence brightness increased substantially and became stable
in time. The photoluminescence of nanoparticles was stable for
more than ten months from the date of the hydrosilylation of their
surface. Solid samples of Si-NPs grafted with 1-octane are quite
stable in air up to 220 °C.

The absorption spectra of Si-NPs synthesized at 25 °C, 200 °C
and 300 °C by heating SiO powders exhibit a blue shift of the
fundamental absorption edge compared with silicon single crystals.
The blue shift value is inversely proportional to the annealing
temperature of SiO powders. An analysis of the absorption spectra
showed that the band gap in the ensembles of Si-NPs formed by
heating SiO powders decreased from 2.60 to 2.30 eV as the
temperature of heating increased from 25 °C to 600 °C and
increased to 2.50 eV as the temperature increased to 950 °C.

The concentration of defects in Si-NPs synthesized at tempera-
tures 600 °C and 950 °C was significantly larger than in the nano-
particles, synthesized at lower temperatures, and the Si-NPs
photoluminescence peak shifted toward longer wavelengths as the
synthesis temperature increased. It follows from an analysis of the
photoluminescence spectrum excited by photons with energies
lower than the I'ys — I'5 silicon direct band gap width that the PL
signal broadened and shifted monotonically to longer wavelengths
as the temperature of Si-NPs synthesis increased. The Stokes shift
and optical absorption gap first decreased, reached a value of 0.85 eV
at a 600 °C annealing temperature, and then increased to 1.12 eV at
the highest annealing temperature equal to 950 °C. The PL quantum
yield and red shift increased monotonically from 0.25 % to 11.7 % as
the temperature of annealing grew. Equal QY of photoluminescence
excited by photons with energies larger than or about the Si-NPs
indirect band gap width suggest that the major energy loss leading
to a decrease in QY is related to the collisional deactivation of Si-NPs
photoexcited levels through states associated with surface defects.
An analysis of the red shift led us to conclude that the surface states
related to (Si—O) bonds influenced the effectiveness of PL. The Si-NPs
PL quantum yield increased as the annealing temperature grew and
reached a maximum of ~12% for Si-NPs at 950 °C.
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