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Size distribution and visible luminescence of silicon nanoparticles embedded
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This paper presents, the studies of the influence of (radio frequency) RF power on the size distribution and visible
photoluminescence (PL) of SiN, thin film deposited at 300°C of substrate temperature by plasma enhanced chemical vapor
deposition. RF power was varied (5-50 W), and its aftereffect on the optical properties of thin films was investigated. By increasing
the RF power between 5 W and 25 W, main PL peak showed a red shift with an increase in PL intensity, which is associated with an
increase in the silicon nanocrystals size and density, respectively. Results obtained were confirmed with High-resolution
transmission electron microscopy micrographs and from the statistical calculations. By attaining a precise RF power value, stable
silicon nitride thin film with suitable optical properties can be achieved for the potential fabrication of optoelectronic devices.
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Silicon is the most important semiconductor in the micro-
electronic and photovoltaic industries.'=> Reasons are as
follows: it is the second most abundant element on the surface
of the Earth, and it has very good optical, electrical and
mechanical properties. On the other hand, crystalline silicon
(c-Si) has a small (1.12eV) and indirect band gap*> and
therefore, the electron-hole recombination after excitation is
nonradiative, and the inefficient radiative recombination is in
the infrared (IR) region.” To obtain stable and passivated
silicon nanoparticles, it is important that they are embedded in
matrices like silicon oxide (SiO,), silicon nitride (SiN,) silicon
carbide (SiC) and silicon oxy-carbide.®™”

Silicon nitride (Si3N,) is a wide band-gap semiconductor,
and it has attracted much attention for the optical as well as
its suitable mechanical properties.'® Also, previous studies
related to Si3N4; show that the photoluminescence (PL)

§Corresponding author.

properties mainly originated from surface defects.!! Until
now, numerous investigations have been put forward to
develop Si3;Ny thin films with emission in the visible region
using plasma enhanced chemical vapor deposition (PECVD)
equipment.'>~13

Even in the earlier reports, detailed description of the for-
mation of silicon nanoparticles in the size regime (2—4 nm) via
nucleation mechanism by means of PECVD has been pre-
sented.'® Among various published reports, one of them was
focused on the radio frequency (RF) power variation in PECVD
and in the same article, luminescence was related to the defect
sites.!” On the other hand, in one of the recent reports, role of
defect states using a bit high RF power (in comparison to
present work) on the luminescence has been shown.'®

In this paper, foremost, intensive research has been made
for finding the role of RF potential on the structural as well as
the optical property of silicon thin films deposited by
PECVD. Apart from using one of the most commonly used
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9 in the

precursors (silane) for attaining SizNy thin films,'
present work, unique precursor (dichlorosilane) is used.
Dichlorosilane is a very significant precursor material as its
reactivity (surface chemistry) provokes the formation of sil-
icon nanocrystals at room temperature without the need of
annealing treatments. Influence of the dichlorosilane chem-
istry on the formation of Si nanoparticles (structural proper-
ties) has been discussed earlier in one of our studies.?’
Moreover, in one of our recent reports, a very detailed de-
scription of the formation of Si quantum dots (silicon or
nitrogen rich environment) in the PECVD system along with
the theoretical simulations has been presented.?!

Finally, in the present work, a brief explanation is given
for the mechanism of bright visible emission from the silicon
thin films at room temperature and prospects for future de-
vice fabrication is presented.

The nc-Si/SiN, was deposited by PECVD using a con-
ventional radio frequency (13.56 MHz), parallel-plate
(150 cm? in area, 1.5cm apart) system. The films were de-
posited on fused silica and (1 0 0) n-silicon high resistivity
substrates for their optical and structural characterization,
respectively. High purity gases were used with different mass
flows rates: 40 sccm of H,, 50 sccm of Ar, 5 sccm of SiH,Cl,
and 25 sccm of NH;. The RF power was varied from S W to
50W at a fixed pressure of 500 mTorr. For the structural
characterization, high-resolution transmission electron mi-
croscopy (HRTEM) was carried out in a field emission gun
microscope (FEI-TITAN 80-300kV) which operates at
300kV. The bonding structure of the films was analyzed
using a Fourier Transform Infrared (FTIR) spectrometer
(Nicolet-540). PL studies were carried out at room temper-
ature using He-Cd laser (4 = 325nm) at 16 mW.
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Figure 1(a) shows the absorption spectra obtained for fresh
samples grown by varying the RF power. All of the spectra
showed an absorption band associated with Si-N bonds
(stretching vibration mode) at 896 cm~!, thus, confirming the
presence of a Si,N, matrix. The peak situated at ~2200 cm !
is related to Si-H bonds in its stretching vibration mode, while
the peak located at ~3365 cm ! is related to N-H bonds in its
mode of vibration stretching. From FTIR spectra, one can
quantify the hydrogen content of which is bonded with Si and
N in Si3Ny films. To calculate the concentrations of Si—H and
N-H two equations were used, respectively.”?

From Fig. 1(b), it can be illustrated that for the particular
intermediate RF power from 20 W to 30 W, deposited films
show almost same kind of bond concentration for Si-H and
N-H bonding. This property clearly remarks the chemical
stability of material at these particular potential values.

To go profound with the microstructural investigation,
HRTEM study was made for the sample deposited at 25 W
and 30 W.

Figure 2(a) shows the HRTEM micrograph for the sample
grown at 25 W, whereas, inset is showing the Fourier trans-
form of one of the selected region. After carrying out more
statistical studies on the HRTEM image, it is found that the
average size of nanoparticles is 1.7 nm with a standard de-
viation of 0.44nm and density of nanoparticles is around
3.5 x 102 nc/em?, Fig. 2(b).

Figure 3(a) shows the HRTEM image of the film grown at
statical calculations. In this case, statistical analysis gave the
average size of 3.5 nm with a standard deviation of 0.83 nm
and an average density of 6 x 10!2 nc/cm?.

Figure 4 shows a graph representing the behavior of these
films following the Tauc’s model for the sample grown at
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Fig. 1. (a) FTIR absorption spectra and (b) concentration of hydrogen bonds as a function of RF powers.
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Fig. 2.
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Fig. 3.

30 W. From this graph, it can be seen that the optical band
gap of the sample is located at 4.19eV. This is a direct
measurement of the effective gap of our material.

After carrying out the structural analysis and determining
the size distribution, and the band gap of the thin films, a
more optical study was conducted of the samples deposited at
RF power of 25 W and 30 W.

Figure 5 shows the PL of the sample when excited with a
laser of 325 nm (He—Cd), whereas inset shows the real color
emission from the sample. In general, sample exhibited a
broad spectrum from 380 nm to around 700 nm with broad
shoulders appearing at 380 nm, 450 nm, the peak intensity
at 51421 nm and another peak at around 600nm. From
Figs. 2(a) and 2(b), it is clear that in the case of sample
deposited at 25 W the average size is around 1.7nm and
density is around 3.5 x 102 nc/cmz, whereas in the case of
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(a) HRTEM image of silicon nanocrystals grown at 25 W and 500 mTorr. (b) Image size distribution of silicon nanocrystals.
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(a) HRTEM image of silicon nanocrystals inside the SiN, film grown at 30 W power. (b) Diameter distribution of silicon nanocrystals.
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Fig. 4. Tauc’s graph corresponding to the sample grown at an RF power of
30 W and pressure of 500 mTorr.
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Fig. 5. Room temperature PL spectra for the sample grown at 25 W and
30 W when excited with 325 nm laser source. Inset is showing the real color
emission from the sample in ambient conditions with the naked eye.

30W size is around 3.5nm and density is 6 x 102 nc/cm?.
Difference in the size as well as in density distribution of two
respective RF powers explains the shift and dissimilarity in
the intensity of PL peaks. Sample deposited at 30 W has
higher density size of large sized nanoparticles. It could
provoke the shift in the PL peak to lower energy (higher
wavelength) with more intensity. However, for the sample
deposited at 25 W, lower size, as well as density, caused the
blue shift with less luminescence intensity. All of the results
revealed here shown good concordance with the quantum
confinement effect proposed by Kim et al., in previous
reports. Results obtained in the present case show that the
main origin of luminescence is from the quantum confine-
ment effect in silicon nanocrystals embedded in Si;N, matrix.

In conclusion, in this paper, the role of RF power is
demonstrated for attaining stable and highly luminescent thin
films. By increasing the power between 5 W and 50 W, it was
observed that films at 25 W and 30 W were more chemically
stable. Structural and optical studies were made for these two
respective power values. Film deposited at 25 W show a shift
in the position of the PL. main peak from green to blue. It is
related to the average size of nc-Si embedded in the nitride
matrix. At higher RF power, i.e. 30 W, the main PL peak
position shifts to green region. For this particular sample, the
size and density of silicon nanocrystals were almost double
as compared to the other sample. This increases the PL

intensity, which is associated with higher density of silicon
nanocrystals and better passivation. Results obtained in this
paper show that the PL is from the quantum confinement
effect in silicon nanocrystals. Present study shows a partic-
ular RF power which could be used for the fabrication of
stable and highly luminescent thin films, which could be used
for the fabrication of optoelectronic devices.
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