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Abstract
This study deals with the fabrication and characterization of silicon nanoparticles in a  SiNx dielectric matrix to have thin 
films of different gap energies, films essentially based on silicon. Hydrogenated silicon-rich nitride films  SiNx:H with dif-
ferent stoichiometry X = N/Si were grown on Si substrate using industrial low-frequency plasma-enhanced chemical vapor 
deposition (LF-PECVD). Optical, electrical, and structural properties of the obtained films have been studied after rapid 
thermal annealing at 950 °C. The GIXRD and Raman analysis demonstrate that the films contain simultaneously the hexago-
nal β-Si3N4 phase and crystalline silicon nanoparticles and the average size of silicon nanocrystallites is within the range of 
2.5–11 nm according to the stoichiometry. A strong visible photoluminescence (PL) can be observed in silicon nitride and the 
evolution of PL with the  NH3/SiH4 ratio is correlated with the evolution of the structure. The layers having a luminescence 
in the visible region present a photocurrent (PC) in the high-energy region. PC spectroscopy has clearly demonstrated the 
existence of increased absorption on the high-energy side associated with Si-Ncs and confirms the potential of Si-Ncs for 
photovoltaic applications.

Keywords SiNx:H · Plasma-enhanced chemical vapor deposition (PECVD) · Si nanocrystals (Si-Ncs) · X-ray diffraction · 
Photoluminescence

1 Introduction

Several domains have exploited the properties of silicon 
nanocrystals (Si-Ncs) embedded in dielectric matrix for dif-
ferent applications [1–6]. In electronic, the location proper-
ties of the -charges have been used for the production of 
nonvolatile memories [2]. In the field of optoelectronics, 
nanoparticles offer the possibility of modifying the emission 
wavelength and significant increase in the radiative emission 
efficiency. For electroluminescence devices, the characteri-
zation of retention time for conversion of optical on–off key-
ing data (short carrier recombination time within Si-QDs 
embedded in  SiNx LED) [7] and decrease the turn-on voltage 

of Electroluminescent diodes based on nanostructured sili-
con have also been improved [8, 9]. In microelectronic and 
to enhance the efficiency of the next-generation integrated 
circuit, intense research is being in data processor where 
the wavelength conversion-based optical Kerr switch has 
been demonstrated [10]. However, the absorption of such 
a structure is significantly increased and it is imaginable to 
change the wavelength range absorbed in solar cell devices 
[4-6]. In this regard, many research avenues exist to improve 
the competitiveness of photovoltaic energy compared to con-
ventional energies. Among them, Si-rich silicon nitride film-
embedded silicon nanocrystals (Si-Ncs) are at the heart of 
many third-generation photovoltaic concepts (spectral shift, 
tandem cells…). [1, 11, 12].  SiNx is a preferred dielectric 
matrix in view of its high charge-trapping ability and high 
carrier mobility due to its improving dielectric and electro-
luminescent properties. A control of the nanoparticles as 
well as the matrix which encompasses them is essential to 
consider their application.

Silicon nitride  (SiNx) thin dielectric films are now widely 
used as an antireflection and passivation layer in crystal-
line silicon cells. The idea of using the  SiNx matrix as host 
matrix for silicon nanoparticles has been proposed by several 
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authors [13–15]. The goal is to make the active layer and 
thus to add value to the antireflection layer convention-
ally used for silicon-based photovoltaic cells, because this 
approach would be directly transferable to the photovoltaic 
industry.

One solution for conserving low production costs is to use 
Si-Ncs embedded in a dielectric matrix obtained by thin film 
deposition techniques. The control of the gap energy could 
be obtained by controlling the size of these Si-Ncs, and the 
dielectric matrix. This would be the key parameter to adjust 
the absorption of the thin layer. Conduction properties would 
depend on the matrix in which the Si-Ncs are integrated.

Jiang et al. [16] have estimated that to obtain sufficient 
conduction properties, the distance between two nanoparti-
cles must be at most 1–2 nm for  SiO2, while for  SiNx, the 
distance could be between 2 and 4 nm. Thus, the conduction 
between the nanoparticles can be significantly increased if 
the potential barrier decreases, thanks to the use of a silicon 
nitride matrix.

In the photovoltaic industrial sector, LF-PECVD reactors 
are widely used. This is the case of our reactor developed 
by SEMCO Engineering. Since  SiNx is widely used as an 
antireflection layer for silicon solar cells, a first approach 
would be to make this material active in photo-generation 
and carrier-collection processes. It would be interesting to 
test the potential contribution of these silicon nanocrystals 
embedded in the antireflection coating (ARC) for conven-
tional silicon photovoltaic cells without modifying the basic 
manufacturing process of the solar cells.

In this paper, we describe the fabrication and we studied 
and optimized growth conditions PECVD silicon nitride 
enriched with silicon nanoparticles with reference to the 
results of the structural characterization and we investigate 
the effects of the microstructure on the absorption and pho-
tocurrent properties by optic and electro-optic spectroscopy 
of these nanomaterial. At first, the conditions of formation 
of these nanostructures in nitride layers enriched in silicon 
deposited by PECVD are studied to find the optimum condi-
tions for deposition having a high density of nanoparticles 
with a controlled size.

2  Experimental

We used 4-inch Cz, (100) silicon wafers, 450 µm thick, 
p-type (boron doped), 0.5–2.5 Ωcm in resistivity. The saw 
damage was first removed in a hot NaOH solution. This was 
followed by cleaning in HCl and a final dip in dilute HF prior 
to the diffusion process. A doped n + emitter was realized by 
diffusion at 920°c using a liquid POCl3 source [17].  SiNx 
films were deposited in an industrial direct plasma pulsed 
reactor operating at low frequency using a mixture of silane 
 (SiH4) and ammonia  (NH3). The chemical composition of 

the layers was controlled by the gas flow ratio R = NH3/SiH4 
ranging between 0.5 and 6. The fixed processing parameters 
were a temperature of 380°c, tube pressure 1700 mmHg. 
All the experiments were conducted at a constant power of 
4.6 KW.

Rapid Thermal annealing (RTA) at 950°c for 70 s in flow-
ing nitrogen was applied to produce the Si-Ncs in the films. 
Since previous work has shown that the  SiNx layer has an 
amorphous character without annealing [21].

Rutherford Backscattering Spectrometry (RBS) analysis 
was employed to determine the nitrogen and silicon compo-
sition of the films. We used the RBS particle-induced X-ray 
emission (PIXE). The measurements were carried out at 
room temperature using a 2 MeV 4He + ion beam with an 
incident normal direction to the surface sample. The back-
scattered ions were collected at a scattering angle of 160°. 
The RBS spectra were analyzed using the SIMNRA code.

The refractive indices and the thicknesses were controlled 
by an ellipsometer DRE ELX-02 C DRE single wavelength 
(632.8 nm) using a He–Ne laser beam.

Grazing incidence X-ray diffraction was employed to 
investigate the crystal structure of annealed samples using 
an X’Pert Pro MPD diffractometer with Cu-Kα (1.5408 ang-
ström) radiation source. The GIXRD patterns of all samples 
were acquired with a step size of 0.026°, time per step of 
85 s and 2θ range from 20 to 90°. The angle of incidence 
ω was set to 1.5°. Raman spectroscopy technique was used 
to identify the structure, amorphous or crystalline, of Si 
nanoclusters in the films. Raman spectra were recorded at 
room temperature, using the LabRAM HR Evolution Horiba 
Raman spectrometer. A 325 nm laser line was used as a 
source.

PL spectra were recorded between 200 and 700 nm using 
an UV light from a Xenon lamp as the excitation source from 
a Perkin Elmer LS-50B luminescence spectrometer.

The electrical measurements for each incident wavelength 
were carried out to evaluate the contribution of Si-Ncs to the 
photocurrent of Si solar cells. They have been acquired using 
a Jobin–Yvon H25 monochromator with a tungsten filament 
lamp by an incident power of 170 W under PC control and 
chopped monochromatic excitation light for a synchronous 
detection. The light flux was measured using a calibrated 
photodiode.

3  Result and discussion

3.1  Content and composition analysis

Figure 1 shows an example of RBS spectrum of a  SiNx layer 
with red simulation spectrum by SimNRA computer code. 
The simulation reproduces correctly the experimental signal 
of the sample.



Opto-structural properties of Si-rich  SiNx with different stoichiometry  

1 3

Page 3 of 10 59

RBS analyzes was used to determine the nitrogen and sili-
con composition of the films. The atomic chemical composi-
tions quantified are reported in Table 1. The stoichiometry 
of as-deposited films can be determined as x = [N]/[Si]. The 
excess silicon is estimated from the atomic composition. 
The excess Si content was estimated as  [Siexcess] = ((4–3x)/
(4 + 4x)) × 100% [18].

High excess silicon in a silicon nitride matrix containing 
no oxygen is obtained.

The layers made with a low ratio  NH3/SIH4 = 0.5 are rich 
in silicon, an excess of 60 at% is estimated. By increasing 
the value of  NH3/SIH4 (i.e. the ammonia flow), the percent-
age of excess Si in the layer decreases rapidly. Beyond  NH3/
SIH4 = 6 deposited  SiNx layers are stoichiometric.

With the control of gas flow, it will be possible to control 
the chemical composition of  SiNx layers.

Ellipsometric measurements were performed for the  SiNx 
layers having different excess silicon. We determined the 
optical parameter, refractive index (n), and thicknesses of 
these  SiNx layers at 632.8 nm. Figure 2 shows the results 
of the ellipsometry analysis of these samples containing Si 
excess levels between 60 and 22%.

As the gas flow ratio is decreased, the refractive index 
increases. The refractive index varies from 2.0, typical of 

stoichiometric PECVD hydrogenated silicon nitride [19] to 
3.3, characteristic of silicon-rich silicon nitride, thus sup-
porting increasing silicon content in the films [20]. As the 
ammonia level increases, the quantity of material arriving 
at the growing film also increases. This could be one of the 
reasons why the film thickness is also increasing as it is 
observed on Fig. 2.

3.2  Structural properties

To better understand the microstructure of the  SiNx films, 
GIXRD was used to reveal information about the crystal-
lographic structure and to verify the nanocrystals forma-
tion. All deposited layers were amorphous at the deposition 
temperature which has been verified in previous work [21].

Usually, XRD is applied to powder samples and the thin-
film structures investigated in this study have reduced crys-
talline volume and, therefore, require glancing incidence 
X-ray diffraction (GIXRD) to maximize the path length in 
the sample. All values are presented as approximate values 
to show comparative changes in the size of the nanocrystals 
with  NH3/SiH4 ratio.

In the GIXRD configuration, X-ray penetration depth is 
controlled by fixing the incident angle. The angle of inci-
dence was judiciously selected just above the critical angle 
tolerating the X-ray penetration depth to be adjacent to the 
film thickness, even if a weak additional contribution from 
the substrate appears.

For the specific study of these thin films (80 nm max.), 
the intensity of the diffracted signal coming from the sub-
strate Si (400) is strongly reduced.

In Fig. 3, the evolution of the GIXRD pattern of the 
950 °C annealed films with  NH3/SIH4 is shown. The sam-
ples whose ratio are in the range 0.5–3 show a few broad 
peaks with a broad envelope peak, which underlies the 
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Fig. 1  Typical RBS spectrum of a SiNx layer as deposited

Table 1  Chemical composition of SiNx layers obtained by varying 
the gas flow ratio R between 0.5 and 6

R = (NH3/SiH4) %at. Si %at. N Si excess (%at.)

0.5 65 19.2 60
2 60.8 23 51.9
3 58 25.8 45.8
4 52 33.7 31.2
6 48.9 39.5 21.8
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Fig. 2  Evolution of the refractive index and thickness of SiNx thin 
films as a function of Si excess
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Bragg peaks, indicating that two phases, crystalline and 
amorphous, coexist in the same sample. The spectra clearly 
exhibit the formation of broadened silicon (111), (2 2 0), 
and (311) peaks, in conformity with the database (33–1160), 
confirming that silicon crystallization occurs in silicon 
nitride. Moreover, the broad diffraction peak resulting from 
the overlap of two peaks identified at 2θ = 51.8° and 52.5° 
suggest incomplete crystallization of silicon nitride α and 
β-Si3N4 nanocrystals, the most common polymorphs of 
crystalline silicon nitride according to the crystallographic 
letters [01-076-1409] and [01-082-0702], respectively.

The determination of crystallite size from the Scherrer’s 
formula requires a flat baseline. After subtracting the base-
line, Fig. 4 shows that the peaks have a better signal/noise.

As can be observed, the X-ray diffraction pattern corre-
sponding to the film grown at  NH3/SIH4 = 0.5  (SiN0.30) show 

six predominant c-Si peaks along (111), (220), (311), (400), 
(331) and (442) [22].

The observed values which correlate with the Si phase 
data reported in JCPDS database (33–1160) reference, 
shown in Table 2, indicate close match within ± 0.1◦of 2θ 
values. The data correspond well with the reported values in 
the literatures and prove the presence of Si-Ncs in the film.

The GIXRD analysis was also used to measure the aver-
age particle size from FWHM of the dominant peak at 
28.35◦ using Debye–Scherer formula [22].

 where λ is the wavelength of the X-ray beam (Cu  Kα, 
1.5406  Å), B (2θ) is the full-width at half-maximum 
(FWHM) of the diffraction peak (in radian) and θ is the 
diffraction angle.

According to Scherer’s formula, the average crystallite 
size range of nanocrystalline silicon for each composition 
is shown in the first column in Table 3. Noting that, the 
GIXRD spectrum represents the deconvolution of all silicon 
crystallites diffraction with various sizes. Thus, these values 
represent the average size of the dominant crystallites in 
the film.

Figure 5 presents the Raman spectrum of  SiNx films with 
various  NH3/SIH4 values. It is seen that the evolution of the 
Raman spectra depends on the composition.

All spectra show the dominant peak centered at approxi-
mately 521 cm−1 which is attributed to the transverse opti-
cal (TO) mode of Si–Si vibrations in the crystalline phase 
[23]. Furthermore, three regions of amorphous silicon, i.e. 
(140 cm−1, 300 cm−1, 480 cm−1) which, respectively, cor-
respond to the transverse acoustic branch (TA), longitudinal 
acoustic model (LA) and transverse optical model  (TOa) [24, 
25]. Besides, the formation of a crystalline Si phase is also 
consistent with the appearance of a weak peak at 430 cm−1, 
that is attributed to the second order of the transverse acous-
tic (2TA) phonon mode [25].

It is observed that the intensity of the (TA) and (LA) mode 
(at 140 cm−1 and 300 cm−1) increases with the decreasing 
 NH3/SIH4 that gives an evidence about the medium-range 
order of amorphous network in the thin films containing 
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Fig. 3  The GIXRD patterns for annealed samples depend on the Si 
content given by ratio  NH3/SiH4
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Fig. 4  The GIXRD pattern for annealed SiNx film  (NH3/SiH4 = 0.5)

Table 2  JCPDS and observed 
data

2 (JCPDS) 2 (observed) hkl

28.44 28.35 111
47.30 47.35 220
56.12 56.09 311
69.13 69.21 400
76.37 76.30 331
88.03 88.31 442
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a high Si content (lower ratio  NH3/SIH4). In addition, the 
spectra of the films fabricated with  NH3/SIH4 = 0.5–3 show 
the broadening of the TO phonon line towards the lower 
frequency side (the asymmetric line shape), which may be 
correlated to the effect of phonon confinement and the evi-
dence of the formation of a high density of nanostructured 
Si [25-27]. For Si-Ncs, peak shifts to smaller wavenumber 
as a function of decreasing size have been widely reported 
due to quantum confinement effects [28].

In addition, several Raman peaks from the contribution 
of the β-Si3N4 mode are clearly seen in Fig. 5. The Raman 
peaks emerging at about 230 cm−1, 620 cm−1 and 940 cm−1 
are assigned to β-Si3N4 and attributed to  E2g mode according 
to the crystallographic letters [01-082-0702].

The GIXRD and Raman analysis demonstrate that the 
films contain simultaneously the hexagonal β-Si3N4 phase 
and Si phase.

Indeed, the crystallization of the silicon nitride, deposited 
by CVD, under its α and β phases is generally obtained only 
after annealing at high temperature (≥ 1200° C). Wada et al. 
[29] prepared α-Si3N4 from CVD-deposited silicon nitride 
by annealing at 1520° C under  N2 for 50 min (1 atm) and 
β-Si3N4 by annealing at 2100 °C for 20 min (80 atm).

Scardera et  al. [30–32] reported the crystallization 
of a multilayer structure composed of an alternation of 

stoichiometric silicon nitride layers and silicon-rich layers 
deposited by PECVD. Annealing at 1150° C for 2 h under 
 N2 caused the appearance of diffraction peaks bound to the 
α and β crystalline phases of  Si3N4 in addition to the peaks 
of crystalline Si corresponding to (111), (220) and (311). 
However, when the same annealing at 1150 °C was applied 
to a silicon-rich  SiNx monolayer or to a stoichiometric  Si3N4 
monolayer, none of the two crystalline α and β phases of 
 Si3N4 was present. The silicon-rich  SiNx monolayer only 
exhibited Si nanocrystals and the stoichiometric  Si3N4 mon-
olayer remained amorphous.

The exception is the study published in 2015 by Torchyn-
ska et al. [33]. These authors deposited silicon-rich  SiNx lay-
ers by PECVD by varying the ratio of  NH3 and  SiH4 gases 
from R = 0.56 to R = 1. The layers were then annealed under 
 N2 at 1100 °C for 30 min. X-ray diffraction measurements 
under grazing incidence have identified the presence of the 
crystalline phase of β-Si3N4 (hexagonal), a  SiNx amorphous 
phase and an amorphous Si phase.

A brief review of the literature regarding the CVD of 
layers of  SiNx highlighted by one article Kshirsagar et al. 
[34] which reports the presence of a β-Si3N4 crystalline 
phase after coating layers by ICP-CVD (inductively cou-
pled plasma CVD) from precursor gases  SiH4,  N2 and Ar, 
with a ratio  N2/SiH4 = 0.5 or 1. No post-deposit annealing 
has been done. According to the authors, the ICP technique 
provides an activation energy equivalent to that obtained 
during thermal annealing at 1500–1700 °C.

By combining the Raman spectroscopy and the GIXRD 
analysis, we have shown the relatively low-temperature for-
mation of β-Si3N4 nanocrystals.

It seems that this is the first that we can get the  SiNx phase 
at this temperature by a rapid annealing.

It is important to determine the energy of the optical band 
gap (Eg) of a thin-film material, because Eg is essential to 
exploit the electronic band structure of a material and imple-
ments the application of a film in the field of optoelectronics.

3.3  Optical properties

For photovoltaic application, it is necessary to know 
the optical gaps of the nanostructured layers and adjust 
these values as a function of crystal fraction and crystal 
grain size. The optical properties of the thin films were 

Table 3  Evolution of the 
Si-Ncs size as a function of the 
ratio (R = NH3/SiH4) obtained 
by XRD and calculated from 
different simulated equations

950 °C Average crystallite size 
range by XRD [Å]

Crystallite size[Å] 
estimated by [49]

Crystallite size[Å] 
estimated by [50]

Crystallite size[Å] 
estimated by [41]

R = 0.5 55–110 47–60 40–50 45–65
R = 2 40–70 30–60 30–50 40–55
R = 3 35–50 30–35 31–33 40–45
R = 4 25–40 22–34 24–31 32–45

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

β

β

R=6 R=4

R=3
R=2

In
te

ns
ity

 (u
.a

)

Raman shift (cm-1)

R=0,5
TA

LA

To

β

Fig. 5  Raman spectra of the annealed films deposited with different 
gas flow ratios
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determined by a spectrophotometer in reflectance mode. 
The conversion of the reflectance data into absorbance is 
given by the relationship of Kubelka Munk [35, 36].

The optical band gap (Eg), known as Tauc’s gap, is 
calculated by extrapolation of the linear portion of the 
curve (F(R) h)1/2 until zero absorption (h = 0), as β-Si3N4 
is considered an indirect band dielectric by several works 
[37–39], shown in Fig. 6. The obtained values are pre-
sented in Fig. 7. The results show that the band gap is little 
bit reduced. Similar results are reported by several authors 
and attributed the decrease in the gap to the formation of 
defect states in the forbidden energy gap [40].

When the  SiNx layer is richer in silicon, indicating a 
decrease in the energy of the optical gap  Eg, the latter cor-
responds to the average gap between that of the Si-Ncs and 
that of the silicon nitride. The shift of  Eg confirms the role 

of quantum confinement in the luminescence mechanisms 
of these structures.

As the excess of silicon increases, the size of the nano-
particles increases or the quantum quantification imposes a 
diminution of the gap when the size increases [41].

The expected decrease in Tauc gap with decreasing R 
flow (due to the higher Si content) is associated with an 
increase of the higher absorption due to lower band gap, and 
a similar increase in the size of Si-Ncs [42].

Generally, the optical band gap of the two-phase network 
where Si-Ncs are included into the a-SiNx matrix depends 
on the proportion and size of Si-Ncs. The optical band gap is 
governed by the contributions of two parameters E (Si-Ncs) 
and E  (SiNx) and it is the band gap of the resulting material. 
The measured gap, therefore, corresponds to the effective 
gap of the material: it is connected to the atomic ratio N/Si. 
The optical band gap E (Si-Ncs) of Si-Ncs comes from the 
optical band interval of c-Si and can increase further due to 
the quantum confinement effect of Si-Ncs.

The apparition of nanocrystals in amorphous matrix 
diminishes the density of states and defects and enhances the 
electrical properties and is very suitable for stable devices 
as solar cells. Knowing that the minority carrier lifetime, 
the electron mobility and conductivity are reduced in amor-
phous silicon nanoparticle [43]. The thermal annealing has 
not only an effect on the transition from the amorphous to 
nanocrystalline phase materials but also on photolumines-
cence where the luminescence property from crystalline 
particles was found to be more efficient [44]. Moreover, it is 
important to note also that obtaining β-Si3N4 phase seems 
to be advantageous by several works since they found that 
the stability order of the three types of polymorphs was 
β-Si3N4 > α-Si3N4 > γ-Si3N4 [45, 46].

To study the effect of the variation of the chemical 
structure of the layer on the optical properties, we carried 
out photoluminescence measurements at room temperature 
on the different samples. The emission spectra obtained 
under 325 nm excitation are shown in Fig. 8. They are 
a superposition of several PL bands. In particular, we 
observe a shift of the maximum luminescence toward the 
higher energies when  NH3/SIH4 increases. Two significant 
regions appear, one in the blue and the second in the red 
with several peaks. By analysing nearby, the spectra we 
obtain decompose into several peaks situated in differ-
ent ratios. The first (P1) located at 1.47 eV emerges from 
ratios 0.5 to 2 and decreases in intensity for ratios greater 
than 2 and reappears timidly at the ratio  NH3/SIH4 = 4. 
The second peak (P2) is shown in the region 1.8–1.9 eV 
and grows at  NH3/SIH4 = 3 and up. Another peak (P3) is 
found around 2.35 eV and is maximum for  NH3/SIH4 = 4. 
A band (P4) is spread over the 2.6–2.8 eV range, increase 
in intensity from  NH3/SIH4 = 2 and reaches its maximum 
at  NH3/SIH4 = 4. Then, it is the band (P5) in the range 
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Fig. 6  Indirect optical gap of SiNx with different  NH3/SiH4
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(3.0, 3.2) eV which dominates at  NH3/SIH4 = 6. These dif-
ferent emissions correspond to several sources that can 
contribute to luminescence. It was shown in previous work 
[21] that some bands have shown negligible variations in 
their PL peak positions with the annealing temperature, 
it was concluded that these peaks are attributed to radia-
tive recombination from defect-related centers in the  SiNx 
matrix.

These are the bands corresponding to P4 and P5 and 
are attributed to recombination via Si dangling bond levels 
(K°centers) and the nitrogen dangling bond levels (N4 + or 
N2°), respectively [47, 48].

The emergence of the bands P1, P2 and P3 confirms the 
results of the formation of grains of different sizes. The 
P2 band decreases considerably in intensity as the ratio 
decreases and moves towards the low energies with Si con-
tent increasing.

On the basis of the emission energy and the previous sim-
ulations that have valued relationships between optical band 
gap energy and the diameter of Si-QD within the matrix, we 
can deduce the size of the nanocrystals (d) knowing their 
luminescence energies.

Several laws model this gap energy variation. Typically, 
we find a law of the type:

Econf
gap = ESi

gap + A/dn.
With ESi

gap close to the gap energy of bulk silicon and n is 
less than 2. We then find n values of 1.39 [49], 1.78 [50], and 
even 2 [41], n tends to 2 for larger sizes where the effective 
mass approximation becomes valid. It is then interesting to 
compare the sizes results deduced from photoluminescence 
with simulations of the band gap of Si-Ncs and those deter-
mined by XRD experiments.

Considering the PL emission at P1, P2 and P3, which 
dominates in the red region the ratio  NH3/SIH4 = 2, 3 and 
4, respectively, and the experimental values, given in a 
range, obtained from the XRD for different crystallographic 

directions, it might have an idea about the different sizes of 
existing nanoparticles.

In Table 3, the crystallite sizes obtained from our experi-
ments are compared with those calculated by the simulated 
equations using a model of quantum confinement, already 
mentioned.

As a first result, the simulated Si-QD sizes estimated by 
[49, 50] are in the same order as our experimental results, 
while the values calculated by Kim seem overrated.

3.4  Electrical properties

Photocurrent (PC) spectroscopy is a characterization tech-
nique that provides information on the electronic states and 
the absorption spectrum of the analysed material. The prin-
ciple of this technique is based on the generation of carriers 
caused by the absorption of photons with energy equal to or 
greater than the gap of the material and which reveals the 
effects of quantum confinement in Si-Ncs through photon 
absorption mechanisms.

In the case of Si-Ncs, this technique is particularly inter-
esting since it makes it possible to explore and determine the 
absorption threshold (and indirectly the gap) associated with 
the crystallite size distribution. It also allows us to compare 
the energetic position of the PC absorption bands with the 
PL emission bands.

To overcome the PC signal associated with the substrate, 
the measurements were made in lateral transport mode, for 
which the illumination and the collection of the photogen-
erated current are between two contact pads. Ohmic alu-
minum contacts (Al) were deposited by evaporation for the 
electrical analysis of our samples.

Because the magnitudes of the currents that come from 
the thin layer are in very distinct ranges of about  10–6 (A) for 
the ratio  NH3/SiH4 = 3 and  10–8 (A) for  NH3/SiH4 = 4 and 6, 
and to compare the shape of the photocurrent spectra where 
the size of PC is different, the spectra were normalized to 
maximum photocurrent.

In Fig. 9, the difference between the PC spectra of the 
samples at different ratios is clearly highlighted. This dif-
ference is explained by an additional absorption associated 
with the Si-Ncs thanks to the widening of the gap of the Si 
caused by the quantum confinement. On the side of high 
energies of excitation (> 1.6 eV), the additional PC would 
come from the absorption of photons in the nanocrystals of 
small size [51, 52].

The analysis of these spectra allows us to notice the 
existence of a peak of PC at 1.46 eV for the samples  NH3/
SIH4 = 2 and 3 which contain Si-Ncs having the largest sizes 
and a peak at 1.85 eV for the sample  NH3/SIH4 = 4. For the 
samples  NH3/SIH4 = 2, 3 and 4, the Si-Ncs have a smaller 
size and the maximum of PC is thus displaced towards the 
large energies. We note the good agreement between the 
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Fig. 8  Room temperature photoluminescence spectra of the 950  °C 
annealed SiNx films at different ratio
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photocurrent and photoluminescence bands. The best PC 
response is obtained for  SiNx coatings corresponding to 
 NH3/SIH4 values around 3. On the other hand, for the high-
est ratio  NH3/SIH4 = 6, at high energies the photocurrents are 
low. The contribution of the composite layer is almost zero 
and the photogenerated current is mainly due to the absorp-
tion in the silicon substrate.

These observations allow assigning the measured photo-
current in these multilayer structures to the generation and 
transport of photocreated charges in the layers containing 
Si-Ncs. Finally, the results from photocurrent spectroscopy 
have clearly demonstrated the existence of an increased 
absorption on the high energy side associated with Si-Ncs 
which could be very interesting for the improvement of solar 
cell efficiency. Si-Ncs form a continuous network and behave 
similarly to a Si layer and the results of PC allowed us firstly 
to highlight a photovoltaic effect in the Si-Ncs and secondly 
to determine the contribution of the Nano composite layer.

4  Conclusion

This work focuses on the realization and characterization of 
silicon nitride thin layers embedding silicon nanoparticles. 
Such class of materials receives a lot of attention for the 
possible application in the new generation of optoelectronic 
devices.

Amorphous silicon nitride thin films have been deposited 
using  SiH4 and  NH3 as source gases. The Gas flow ratio 
 NH3/SiH4 has significant effect on the structural and optical 
properties and therefore on the electrical response of the 
films.

As the silicon content in the  SiNx layer increases, the 
Nano crystallites size raises and therefore the density of the 
larger Nano crystallites increases.

The refractive index was shown to increase with the 
excess of silicon to approach that of c-Si. Progressive reduc-
tion in the optical gap occurs with decreasing gas ratio. As 
the refractive index increase the optical gap varies from 
2.4 eV for ratio  NH3/SIH4 = 6 to 1.3 eV for silicon rich  SiNx 
at  NH3/SIH4 = 0.5.

By modifying the characteristics of the nanostructures 
such as the size, the degree of crystallinity, it is possible 
to modify the gap of the nanostructures. Thus it is possible 
to modify the effective gap of the material by annealing at 
950 °C for only 70 s. Annealing at 950 °C has the effect of 
modifying the properties of the matrix and silicon nanopar-
ticles. Applying a rapid thermal processing key objective is 
to reduce the crystallization thermal budget without altering 
the junction and the substrate.

A strong visible photoluminescence (PL) can be observed 
in silicon nitride and the evolution of photoluminescence 
with the  NH3/SiH4 ratio is correlated with the evolution of 
the structure. The results from photocurrent spectroscopy 
due to the contribution of the composite layer have clearly 
demonstrated the existence of an increased absorption on 
the high energy side associated with Si-Ncs which could be 
very interesting for the improvement of solar cell efficiency.

We showed on the one hand the relatively low-tempera-
ture formation of β-Si3N4 Nano crystals and on the other 
hand the advantage to obtain a β-Si3N4 matrix considered by 
several works as the most stable phases of  Si3N4.

This study is a contribution to the understanding of the 
formation of silicon nanoparticles in a silicon nitride matrix 
and shows that the integration of nanocrystals into an indus-
trial process is potentially viable.

It would be interesting to test the potential contribution 
of these silicon nanocrystals embedded in the antireflection 
coating (ARC) for conventional silicon photovoltaic cells 
without modifying the basic manufacturing process of the 
solar cells.

These are the first results we obtained, we applied this 
process on 4 inch wafers and the electrical results are in 
progress.
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