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The structural, morphological and photoluminescent properties of thermally evaporated
neodymium oxide (Nd203) thin films deposited onto nanostructured silicon (Si-ns) are
reported. Si-ns embedded in silicon nitride (SiN) thin films are prepared by plasma-enhanced
chemical vapour deposition (PECVD). SiN and Nd»O3 thin films uniformity and Si-ns
formation are confirmed by atomic force microscopy (AFM) and scanning electron
microscopy (SEM). The presence of neodymium (Nd), silicon (Si), oxygen (O), and
phosphorus (P) is investigated by energy-dispersive spectroscopy (EDS) and secondary ion
mass spectrometry (SIMS). Post-annealing SIMS profile indicates an improvement of the
homogeneity of activated P distribution in Si bulk. The X-ray diffraction (XRD) combined
with Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR) have been
employed to determine amorphous silicon (a-Si), crystalline silicon (c-Si), Nd203 and SiN
phases present in the Nd203-SiN bilayers with their corresponding chemical bonds. After
annealing, a Raman shift toward lower wavenumbers is recorded for the Si peak. XPS data
reveal the formation of Nd20s3 thin films with Nd-O bonding incorporating trivalent Nd ions
(Nd3+). Strong room-temperature photoluminescence is recorded in the visible light range
from the Si-ns. Nd-related photoluminescent emission in the near infrared (NIR) range is
observed at wavelengths of 1025-1031 nm and 1083 nm, and hence is expected to improve
light harvesting of Si-based photovoltaic devices.

Introduction

could be enhanced along with the device efficiency by
optimizing silicon nanocrystal (Si-nc) design and their size-

Over the past years, a growing interest has been focused
on silicon nanostructures (Si-ns) or nanoparticles with
applications in microelectronics [ 1], photonics [2], biology
[3], biomedicine [4], and other emerging fields [5—7]. Si-ns
emit light in the visible due to the recombination of
confined excitons within the nanostructure material [8, 9].
For the so-called third generation photovoltaic (PV) solar
cells, absorption, and emission of light by Si-ns thin films
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dependence to the band gap [10-12]. It was also observed
that surface modification induces different emission
wavelengths and yields a significant improvement in
photoluminescence (PL) emission, an important character-
istic for photonics and photovoltaics. Furthermore, these
thin films possess optical and structural properties related
to their nanostructured nature and could host some rare-
earth (RE) elements (or lanthanides) like erbium (Er),
europium (Eu), or neodymium (Nd) using either ion
implantation or thin film deposition with electrochemical

1896-3757/ Association of Polish Electrical Engineers (SEP) and Polish Academic of Sciences (PAS). Published by PAS
© 2023 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.24425/opelre.2023.145096
https://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2023.145096
https://orcid.org/0000-0001-8434-4123
mailto:amefoued@hotmail.com

A. Mefoued et al. /Opto-Electronics Review 31 (2023) e145096 2

[13], sputtering [ 14], or thermal evaporation [ 15] techniques.
Nd** ions can display PL up-conversion phenomenon. Up-
conversion is a non-linear anti-Stocks optical process in
which an excitation with low energy photons of the near
infrared (NIR) range will generate high energy photons
(visible range) [16,17]. The sensitizing effect [18§]
happening in a system where RE elements and Si-ncs are
'working together' to capture and redistribute photons is the
key to achieve efficient optical devices. The absorption of
an up-converter like Nd and the sensitizing process of Si-
nc toward Nd*" ions, where energy transfer occurs between
them, have been discussed in detail [19,20]. A direct
correlation between Si-nc average size and the PL intensity
of the Nd-embedded Si-nc matrix was also observed by
some authors. As a result of the NIR emission
demonstrated by Nd*" ions, Nd-coated Si-ncs prepared by
plasma-enhanced chemical vapour deposition (PECVD)
technique [21] are well placed to offer interesting up-
conversion properties and significantly improve PV solar
cells performance.

In the present work, the authors intend to support and
extend previous studies about Si-nc-related morpho-
logical, structural, and spectroscopic properties and RE
elements doping. Samples consisting of Si-ns embedded
within SiNy thin films were prepared. Experimental results
indicated the size and degree of crystallinity dependence of
the optical band gap inherent to the nanostructured state of
Si. A strong visible PL can be observed in SiNy and the
evolution of PL with the NH3/SiHy4 gas ratio is correlated
with the SiNy structure evolution. It also resulted in the
increase of the refractive index with SiN films having an
excess of Si. The existence of an increased absorption on
the high energy side is associated with Si-ncs. The optical
gap varies from 2.4 eV for the ratio of NH3/SiHs=06 to
1.3 eV for silicon rich SiNx at NH3/SiH4 = 0.5 [22, 23].
Further investigations were undergone to assess the effect
of Eu incorporation into SiNy matrix (comprising the
nanostructures). For that purpose, an innovative and cost-
effective electrochemical technique is used to insert
successfully Eu into the silicon-rich silicon nitride (SRSN)
films at a low temperature and atmospheric pressure
conditions [24]. In this sense, investigations will focus on
the spectroscopy and opto-structural properties of Nd-
coated Si-nc and the suitability of these low-dimensional
materials for PV applications.

2.  Experimental
2.1. Synthesis and samples preparations

Silicon nitride (SiNy) thin films have been deposited by
low frequency plasma-enhanced chemical vapour depo-
sition (LF-PECVD) at 430 kHz on (100) oriented, p-type
Czochralski single crystal Si wafers using silane-ammonia
(SiH4-NH3) reactants gases. The host substrates are 380 um
thick and have resistivities of 1-3 Q-cm. Prior to SiN
deposition, the wafers were subjected to a thermal diffusion
process (875°C/1 h) in a quartz furnace using liquid
phosphorus oxychloride (POCIs) as the dopant source. A
pn junction with a depth of 0.5 pm was obtained. PECVD
gas flow ratios (R = NH3/SiH4) were fixed at 2, 2.5, 3, 4,
and 5. For simplicity of notation, we will refer to samples

prepared at R=2,2.5,3,4,and 5 as R2, R2.5, R3, R4, and
RS, respectively. The pressure, temperature, deposition
time and plasma power conditions were kept constant at
1700 mT, 380 °C, 3 min., and 4.6 kW for all processes.
Evaporation of neodymium oxide (Nd»O3) powder on top
of the SiNy layer was performed using a lab-designed
evaporator. A heat treatment in quartz tube furnace at
900 °C for 15 min. under N, flow followed the Nd,O3 thin
film formation.

Silicon wafers were purchased from Siltronix. All
chemicals were used as received without further
purification. All cleaning and etching reagents used in this
study such as acetone (98%), ethanol (> 99.8%), sulphuric
acid (98%), oxygen peroxide (30%), and hydrogen fluoride
(50%) were obtained from Sigma-Aldrich. Nd (99%)
powder was purchased from Sigma-Aldrich. Silane (SiHs,
ultrahigh purity) and ammonia gas (NH3, ultrahigh purity)
were purchased from Air Products.

The flowchart of all processing steps and the schematic
view of the samples cross-sectional structure are shown in
Fig. 1.

Wafer chemical cleaning

NaOH silicon wafer saw damage

Native oxide removal: Dip in 3:1
H>SO4/H:0; for 20 min. at 80°C and 10%
HF for 2 min. at room temperature

Acetone and ethanol ultrasonic bath

POCI; phosphorus diffusion

PECVD silicon nitride growth

Nd,O3 thermal evaporation

Annealing in N, atmosphere

!

Fig. 1. Flowchart of the sample preparation steps and cross-
section structure of the samples.

2.2. Instruments

Diffusion process and PECVD thin films deposition
were carried out in two separate quartz tubes from SEMCO
Engineering. Post Nd evaporation calcination was done in
a Tempress Omega Junior furnace. Four-point probe
electrical resistivity was measured using a Chang Min
Tech Co. instrument. Surface reflection was obtained using
a Varian Cary 500 UV-Visible spectrophotometer equipped
with a diffuse-reflectance attachment. XRD patterns were
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recorded on an XRD Ultima IV (Rigaku) diffractometer
using monochromatic CuKa radiation (A= 1.54059 A).
The voltage generator and tube current were 40 kV and
40 mA, respectively. The slew rate was 5°/min. with a step
of 0.1°. The morphology of the surface was characterised
using a JEOL JSM-7610FPlus field emission scanning
electron microscope (FESEM). Thickness was examined
on cross-sections of the layers from a fracture of the
samples. The JSM-7610FPlus integrates an energy
dispersive X-ray spectroscope (EDS) to determine the layer
chemical composition, as well as possible contaminants.
The samples were analysed without any prior sputtering
process. Additional morphological observations of the
surface were done using an MFP-3D atomic force
microscope (AFM) from Oxford Instruments. Raman
spectroscopic measurements were performed using a
LabRAM HR Evolution system spectroscope (Horiba
Jobin-Yvon). The excitation of the Raman spectra was
provided by a solid-state laser emitting at 325 nm with
32 mW power. The Raman spectra covering the range of
frequency shift from 50 cm™ to 2500 cm™! were obtained
at room temperature. Secondary ion mass spectrometry
(SIMS; Cameca IMS 4FE7) was used to probe the surface.
An incident 80 nA and 15 keV Cs+ ion beam was scanned
across a 150 um diameter probe area to gather information
about the sample and extract chemical elements depth-
profiles. IR spectra were collected using a NEXUS 670
standard Fourier-transform infrared (FTIR) spectrometer
(from Thermo Nicolet). X-ray photoelectron spectroscopy
(XPS) measurements were done on a Thermo Fisher
ESCALAB 250Xi using monochromatic Al-Ka source with
a spot diameter of 650 um and an energy step of 0.1 eV.
Binding energy (BE) data were calibrated with respect of
the characteristic carbon (C / s) peak situated at 284.8 eV
using Avantage software provided by the manufacturer.
The PL spectra were collected using a HORIBA
spectrometer iHR-550 equipped with an indium-gallium-
arsenide (InGaAs) detector (DSS-IGA020L) working in
the NIR range of 800—1550 nm and another CCD detector
operating in the range of 200-1000 nm. The room
temperature PL was performed using either He-Cd laser or
Xe lamp as excitation sources.

3. Results and discussion
3.1. Reflectance and optical band gap calculations

UV-visible reflectance was measured for samples
prepared at various process conditions (plasma gas ratio R,
Nd>Os3 deposition, annealing) as a function of the
wavelength. We observed that for all samples the
reflectance in the visible range decreases after annealing
(900 °C 15 min.) as depicted in Fig. 2 for sample R4.

Reflectance of SiNy-coated samples before evaporating
Nd,O3 thin film is plotted in Fig. 3(a). The highest average
reflectance (17%) is measured for thin films grown at
R=25. As we start to increase the ammonia-silane
(NH3/SiH4) ratio, we noticed a reduction in the reflectance.

Figures 3(b) and 3(c) represent the reflectance of the
double layered (Nd»O3/SiNy) samples before and after
annealing at 900 °C for 15 min. A decrease in the
reflectance is seen after adding the Nd»Os thin films in the
range of 700-1000 nm and again after undertaking thermal

Reflectance (%)
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Reflectance (%)

Reflectance (%)
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Reflectance spectra for samples prepared at different
steps and PECVD NHs/SiH4 gas ratios after adding the
Nd20s layer on-top of SiNx and subsequent calcination
process.
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annealing process independently of the NH3/SiH4 gas ratio
in the blue region of 400—600 nm. The lowest calculated
average reflectance in the spectral range of 350-800 nm is
3.61% around a wavelength of 675 nm for the annealed
Nd»Os-coated sample prepared at R =2.5. Similar conclu-
sions pertaining to bilayers reflectance were confirmed by
the authors elsewhere [25].

Band gap energies (Eg) were calculated from diffuse
reflectance spectra for annealed Nd»Os-coated samples
using the Kubelka-Munk function (Fig.4) and their
resulting Tauc plots [26]. In Fig. 5, we can see that optical
gap of SiNy-coated samples increases simultaneously when
increasing gas ratio during PECVD Si-ns growth and
reaches a maximum value of ~2 eV. The narrowing of
optical gap is correlated to higher proportion of Si in the
films which is true for thin films prepared at a low
NH3/SiH4 ratio [27] in good agreement with findings
reported in the literature that bandgap energy increases
with decreasing nanostructures size [28].

60

[F(R)hv]?

Photon energy (eV)

Fig. 4. Bandgap energies calculated by the Kubelka-Munk
method for Nd203/SiNy/Si samples annealed at
900 °C for 15 min.
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Fig. 5. Evolution of the optical gap vs. the NH3/SiH4 gas
flow ratio for Nd-doped Si-ns.

It should be noticed that the evaporation of the Nd,Os
layer has an overall impact on the absorption and optical
properties of the wafer surface by lowering Eg values.
Obtained results show that the sample prepared at R=4
offers good anti-reflective properties by showing
reflectance minima in the visible and near-IR (Vis-NIR)
regions. Overall, thin films kept good anti-reflection
properties after adding the Nd,Os3 coating.

3.2. AFM and SEM-EDS

3.2.1. AFM

2D and 3D representative surface plots from AFM
analyses are shown in Fig. 6 for SiN-coated Si-nc films
obtained at PECVD precursor gas ratio R=4. The
topography images show similar morphologies with
homogenous surfaces and uniformly distributed particles.
Root mean square (RMS) surface roughness was calculated
for areas with lateral dimensions of 5x5um’ and
80 x 80 um?. RMS values vary between 2-10nm for
the smaller scanning area and increase to a range of
260460 nm when considering the larger spot. On the
larger scale, all the films surfaces were found to be
identically smooth, free of cracks and fracture lines.
Morphological differences nano-roughness amplitudes are
found to be 1.96 and 2.95 nm for gas flow ratios of 3 and
4, respectively (images not shown here). These results are
consistent with previously reported AFM investigations
and roughness calculations [29] and could indicate SiNy
layers that are rich in Si due to the increase of NH3/SiH4
ratio in the plasma chamber. The excess in Si is important
when considering optical applications due to optical loss
that light scattering process may cause. Generally, high
porosity and nanocrystalline Si formation has significantly
high surface roughness on the c-Si wafers [30, 31].

Fig. 6. AFM images of samples prepared at NH3/SiHs R = 4.

3.2.2. SEM-EDS

The growth pattern and morphology were examined by
a high-resolution scanning electron microscope (SEM).
Plane SEM views of selected Nd-coated and uncoated Si-
nc films (R4) are shown in Figs. 7(a) and 7(b). The
deposited round-like shaped Si agglomerates [Fig. 7(a)]
appeared smooth and showed a dense and homogeneous
nanostructure without indication of columnar growth.
From Fig. 7(b), the image illustrates the evaporated Nd»>O3
coating covering the nano-structured surface beneath it.
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The after-annealing image shows clearly that Nd has
partially diffused in the nanostructures as revealed by the
islands-like pattern of Nd»Os thin film distribution on the
Si nanostructured surface. Thin film thickness estimations
obtained from SEM fracture cross-section micrograph
depicted in Fig. 7(c) are ~70 nm and 5055 nm for SiNy
and Nd»Os3, respectively. These results agree with thickness
measurements obtained by contact profilometry giving
exact values of 52.25 and 53.54 nm for two different

(@)

Fig. 7. SEM and EDS images of the sample prepared NH3/SiHa
ratio R=4: (a) and (b) plane views of un-coated and
Nd20s-coated; (c) cross-section view; (d) EDS elemental

mapping.

samples. Both Nd,O; and SiNy films could clearly be
distinguished from the cross-section view with a neat
interface separation between Nd»>O; and SiN and between
SiN and Si wafer.

In Fig. 7(d), EDS analysis confirmed the presence of Si,
O, N, P. The proportion of Nd remains unchanged for all
samples prepared with different gas ratios.

3.3. SIMS

Figure 8 shows quantitative P depth profiles extracted
by SIMS for a sample prepared at R =2.5. They follow the
typical kink-and-tail profile with two distinct phases
[32, 33]. After annealing at 900 °C for 15 min., P diffused
further, and the profile is seen broader with a less abrupt
feature pointing to a higher P diffusivity and a more
homogeneous redistribution in the Si bulk. Diffusion
resulted in a maximum P concentration of 1.3x10%? cm™
which after annealing decreased approximately by one-
seventh to 1.75x102' cm™>. Comparable results were
obtained for samples with R =3, 4, and 5 (results not shown
here). Phosphorus uniformity and depth-distribution will
ensure that diffusion step and formation of the junction are
well optimised. These parameters are required to achieve
efficient Si-based solar cells.

Nd, O, Si, and N qualitative profiles are displayed in
Fig. 9 for a sample prepared at R = 4 and calcined at 900 °C
for 15 min. Qualitatively, O content is 11 orders of
magnitude higher with respect to N at depth between 7 and

1022 —R=25

—— R =2.5 Annealed

1021 4

1020

1019

1018 4

P concentration (cm-3)

1017 4

o i

00 01 02 03 04 05 06 0.7
Depth (um)

Fig. 8. Effect of annealing on the SIMS depth profiles of P
before and after annealing at 900 °C for 15 min.

Signal (Cts/s)

102

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
Depth (nm)

Fig. 9. Qualitative SIMS depth profiles of Si, N, Nd, and O after
annealing at 900 °C for the annealed sample R4.
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40 nm, which is expected due to the presence of O in the
Nd»O3 compound. The spectra show N and Si in-depth
intensities continuously increasing and stabilising at
~50 nm indicating that we have reached the Nd,Os3/SiN
interface. Interestingly, we noticed the presence of Nd
between approximately 50 and 100 nm probably due to the
result of annealing-induced Nd species migration in the
SiN layer. The Si and N spectra almost overlap between
thicknesses of 50 and 90 nm inside the SiN layer. Beyond
a depth of 90 nm, we observe that N concentration drops as
illustrated by the long tail until stabilising around 250 nm.
On the other hand, Si spectrum keeps a flat profile as we
sputter through the SiN stack and Si bulk with a small
shoulder at ~85 nm as we cross the SiN/Si interface. SIMS
analysis of the surface allowed us to determine the presence
of the Nd>O; upper layer and evaluate its depth-profile
evolution.

3.4. XRD and Raman spectroscopy

Low grazing angle XRD patterns were recorded for the
R =4 Nd,O3/SiN/Si sample (Fig. 10). The authors were
able to identify the main phases composing the structure
from the top surface layer down to the Si substrate. Results
confirm the above-mentioned elemental composition
identified by SIMS and EDX. The SiN peaks were
determined and compared to the f-phase SiN datasheet
reported in JCPDS library (Datasheet no. 33-1160).
Crystallographic orientations (/#k/) were determined, and
average particle size D values were calculated using the
Debye-Scherrer equation [34]. Results for SiN are detailed
in Table 1 and match perfectly within a margin of £0.9°.

100

Si SiN  Nd,0;3

(111)

Intensity (a.u.)
3

(011)

(320)

(200) (010)

Fig. 10. X-ray diffraction patterns of the annealed Nd.Os-
coated silicon nanostructures prepared with an
NH3/SiHs gas ratio of 4.

Table 1.
Comparison between SiN JCPDS datasheet values and
the observed data.

20 1°] 20 1°]

(JCPDS) (observed) hkl
13.1 13.15 100
25.5 26.4 200
36.0 35.75 111
61.74 61.75 320

A strong and sharp peak belonging to c-Si appears at a
position of 69.1°. From the (400)-oriented peak (JCPDS
Card no0.°77-2110), we estimated D to be ~6.82 nm.
Another less intense Si peak appears at 28.5° and could be
ascribed to (111) reflection plane. Nd-O XRD patterns
exhibit weak diffraction intensities with respect to c-Si and
SiN ones. Peaks belonging to hexagonal Nd»O;3 [35] phase
were observed at 21.6°, 22.6°, 27.7°, 31.3°, and 48.9° and
were assigned to (101), (110), (010), (011), and (112),
respectively. These values match well with data given in
JCPDS cards nos.: 28-0671, 41-1089, 74-2139, 43-1023,
and 75-2255. Using the above, the Nd»O; average
crystallite size was calculated to be 40.7 nm agreeing with
comparable findings reported in the literature [36].

First order room temperature Raman spectra of
Nd-coated Si-ns were recorded with a laser beam excitation
wavelength of 325 nm. All samples exhibit strong and fine
peaks between 515 and 518 cm™ corresponding to
transverse optical (TO) mode (100) crystalline Si (c-Si)
scattering (results not shown here). Figure 11 shows
Raman spectra of samples prepared at different gas ratios
and annealed at 900 °C for 15 min. This gradual shift to
lower frequencies as we increase PECVD gas ratios cor-
responds to SiN layers being in excess of Si content. We
also noticed that the broad signal of R2 Si peak morphs and
becomes narrower and more intense with increasing gas
ratios. This trend is attributed to the size effect and the
refinement of the nanoparticles. The slight frequency
downshift of the crystalline peak with its relatively broad
bottom part and the presence of Si-ncs of a small size were
confirmed by Barbé et al. [37]. The average Si crystallite
size, extracted from Raman spectra and calculated using the
empirical equation proposed by Tsu [38], was found to be
3.36 nm. The quantitative discrepancy between Raman and
XRD-calculated grain size values might be explained by
the fact that samples used for XRD measurements have
undergone a longer thermal process (2 h) at higher
temperature (1100 °C) compared to those used for Raman
analyses. Another explanation is the use of different
mathematical peak fitting functions and procedures to
exploit data collected from XRD and Raman analyses [39].

1800

Nd203/SiN/Si (900°C/15 min) ¢-Si —R=25
1700 - —R=3
—R=4
i —R=5
3 16009 sisem 1 sigeme!
S Average grain size
= 1500 _ +
c
=]
‘w1400
c
£
s 1300+
[i'4 MM
1200 A‘*"W
1100

T T T T T T
440 460 480 500 520 540 560 580

Wavenumber (cm-1)

Fig. 11. Evolution of c-Si Raman spectra with different R.

Concerning Nd,O3; molecule, a relatively small and
wide signal is observed at 435 cm™! (Fig. 12) and can be
identified as E, stretching mode [40, 41]. One can also see
in Fig. 12 that a peak is observed at 312 cm™ and could be
assigned to the Si substrate [42].
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Fig. 12. Raman spectra for the Nd2O;3-coated sample prepared at
gas ratio R = 4.

3.5. FTIR

FTIR analysis was performed in the range of
400-4000 cm™' with a 4 cm™" resolution. Each FTIR graph
was recorded after 20 scans per sample. Figure 13 shows
resonances of compositional bonds found in the Nd>O3-SiN
bilayers. Characteristic absorption bands of Si-N, Si-O,
Nd-O, and Si-H molecular species were detected. For
samples R4 and RS, the increase of gas ratio R has an
impact on the peak position of the Si-N mode where we
notice a size-dependent shift to higher wavenumbers
demonstrated by the asymmetric stretching of Si-N bonds
appearing at 850 and 856 cm™!, respectively [43, 44]. The
Si-O bending mode [45] absorbs around 819 and 823 cm™'
for samples R4 and RS, respectively while those at 1103
and 1107 represent the Si-O-Si asymmetric stretching
vibrational mode [46]. The appearance of Si-H peaks at
611-615cm™! (wagging mode) and 23642368 cm™!
(stretching mode) is synonymous with the occurring of
passivation phenomenon, where hydrogen H elements are
released during the SiN PECVD process and diffuse deep
to passivate electrically active defects at the SiN/c-Si
interface and Si bulk, thus reducing recombination of
charge-carriers [47]. Finally, peaks at 692 cm™' (for R4)
and 684 cm™' (R5) are due to a characteristic vibration of
metal-oxygen Nd-O bond [48, 49].

Absorbance (a.u.)

I T T T T
450 900 1350 1800 2250

Wavenumber (cm-1)

Fig. 13. FTIR spectra of Nd2Os-coated Si-ns prepared at
NH3/SiHa gas ratios of 4 and 5.

3.6. XPS

To further investigate the surface chemical composition
and stoichiometry by high-resolution X-Ray photoelectron
spectroscopy (XPS), three sets of samples consisting of as-
deposited Si-ns (R2) and Nd»Os-coated Si-nc ones (R2.5
and R5) were selected. XPS survey scans (also known as
wide scans) performed over a BE range of 0-1400 ¢V are
shown in Figs. 14 and 15. For R2.5 and RS, they showed O
2s,Nd 4d, O 1s, Nd (Auger), Nd 3ds;, and Nd 3d3/, peaks
corresponding to the Nd and O elements of Nd>O3. From
R2, spectral signals of Si 2p, Si 2s, C Is, N Is, O Is, O
(Auger) were recorded and assigned to the Si, N and O
elements of SiN and probably silicon oxide (SiO»)
molecules. A compilation of BE data and chemical states is
presented in Table 2.
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Fig. 14. Wide scan XPS spectra of as-deposited Si-nc prepared
at R=2.
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Fig. 15. Wide scan XPS spectra of Nd2Os-coated Si-ns films of
sample RS.

In all survey spectra, carbon /s (C Is) peak, observed at
284.8 eV, was used as a correction reference. This single C
Is peak may originate from surface contamination during
sample preparation or from the deposition of adventitious
hydrocarbon from the instrument itself. From high-
resolution XPS spectrum of Fig. 16, we can clearly
distinguish Nd 3d core level signal of the Nd,O3 with its
BE doublet Nd 3ds/; and Nd 3d3,, peaks observed at 980.7
and 1003.2 eV, respectively. The peaks separation value
was found to be 22.5 eV, which corresponds to the trivalent
neodymium (Nd**) in Nd-O bonding. [50-52]. In addition,
the peak at 122 eV is ascribed to Nd 4d of the Nd*" of the
same Nd,Os structure. On the other hand, Figure 17 shows
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the core level experimental and Gaussian-fitted oxygen O
Is spectra. Spectrum deconvolution consists of two
symmetric peaks. The low-energy state peak (located at
529.7 eV) is assigned to O in Nd>O3; molecule [53] and the
high-energy state (at 532.9 eV) may be attributed to O in
Si0O; [54].

Table 2.
Binding energies and chemical states of the elements composing
un-coated and Nd203-coated Si-nc.

Binding energy (eV)
Peaks SiN/Si Nd205/SiN/Si  Nd20s/SiN/Si
1100 °C-2h 900 °C-15 min. 900 °C-15 min.
R2 R2.5 R5
O 2s 21.8 22 26
Si2p 98.8 / /
Nd 4d / 122 122
Si2s-Si02 150.8 / /
Nd 4p / 229 230
Cls 284.8 285 285
N Is 396.8 / /
O Is 528.8 532 530
Nd (KLL) / 757 759
O (KLL) 977.7-998.8 / /
Nd 3dsn / 982 982
Ndds / 1005 1004

3.7. PL analysis

The room temperature PL analyses of Nd»Osz-coated
SiN thin films containing Si-ns are presented as a function
of various NH3/SiHs gas ratios R and annealing
temperatures. Two sets of samples were investigated. The
first set, comprising samples R2.5, R3, R4, and RS, was
annealed at 900 °C for 15 min. The second set (R2 and R4)
was thermally annealed at 1100 °C for 2 h. Figure 18
shows room-temperature visible luminescence from silicon
nanocrystals for samples prepared at two different
NH3/SiH4 ratios: R = 2 and 4. Spectra reveal identical broad
PL signals with a tale spanning almost the whole visible
range [55]. The positions of emission peaks and the signal
intensity were found to be sensitive to the gas ratio with the
more intense signal generated from samples with smaller
Si-ns nanostructures sizes (R =4) with a slight blue-light
centred downshift occurring in larger Si-ns [56].

Concerning NIR PL and upon 325 nm laser irradiation
of samples R2 and R4, we noticed [Fig. 19(a)] strong PL
emission peaks centred at 1083 nm related to the intra-4f
transition “F3, — “I112 of Nd* ions. The second emission
peak at 987 nm emerges solely in the spectrum of R2 and
could be linked to an existing a-Si phase not found in
sample R4. Concerning samples R3 and RS, annealed at a
lower temperature and shorter time (900 °C/15 min.) and
excited respectively with 374 and 656 nm Xenon
radiations, we found that NIR bands of Nd*" ions have
shifted to a lower wavelength range [Fig. 19(b)] with peak
maxima situated at 1025 and 1031 nm, respectively. The
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Fig. 17. High-resolution XPS core level spectra of O Is.
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Fig. 18. Si-ns visible range PL spectra for samples R=2 and 4.

wavelength increase of the PL peak has been demonstrated
by authors where a shift of the Nd emission (from
1025-1031 to 1083 nm) occurs after increasing the
annealing temperature [57]. For sample RS, a less intense
Nd*" PL line arises at 1358 nm corresponding to the *F;,
— 1,3, transition and appearing under an excitation of
656 nm (red light). On the other hand, R3 spectrum exhibits
asignal at 827 nm. It is relatively weak and does not appear
for R5 sample. We can allocate it to the ‘Fsp — “Iop
transition [58—60]. For RS, a signal is recorded at 962 nm
within the NIR and was assigned to a-Si [61].

It was also noticed that for both sets of samples
annealed at different temperatures, it is the lower excitation
wavelength (<400 nm) that generates a more intense PL
signal.
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Fig. 19. PL spectra of Nd-coated Si-ns films prepared with
different flow ratios: (a) Samples R2 and R4 laser-
excited with 325 nm UV light and annealed at 1100 °C
for 1 h. (b) R3 and RS excited with 374 and 656 nm
radiations, respectively and annealed at 900 °C for
15 min.

4.  Conclusions

In summary, SiN thin films containing Si-ns thin films
with different grain sizes using PECVD technique on a
Cz-type Si wafer have been successfully prepared. An
upper neodymium oxide (Nd»O3) coating was deposited on
Si-ncs by thermal evaporation. From the results of SIMS
and EDS analyses, the authors were able to identify the
elemental chemical composition (Si, N, Nd, O) of the thin
films. Spectra also revealed good P diffusion in the Si bulk.
The nanostructured surface was investigated by AFM and
SEM to confirm the formation of Si-nc and the homo-
genous deposition of Nd,O3 layer. Thin films thickness
estimations by SEM and profilometry gave values of ~70
and 50-55 nm for SiN and Nd,Os3, respectively. From XRD
data, we determined (4k/) crystallographic orientations of
the SiN/Nd,Os crystallites and extracted their corres-
ponding average cluster size. Raman spectra demonstrate
nanostructures formation depicting the occurrence of a
wavenumber downshift of c-Si peaks attributed to grain-
size refinement. FTIR spectroscopy revealed the formation
of Nd-O, Si-N, Si-O, and Si-H chemical components. Low
light-reflectance was observed for Nd»Os-coated Si-ns
in the VIS-NIR regions which is a desirable optical
property for PV applications. In addition, the authors were
able to modify optical band gap energies (Eg) by the
varying NH3/SiH4 precursor gas ratio. Eg calculations from

diffuse-reflectance spectra showed an increase of Eg with
decreasing nanostructures size. The authors also reached
the conclusion that lower Eg values are attributed to SiN
(i.e., Si-nc) layers rich in Si. It has been demonstrated that
surface functionalization revealed a direct relationship
between Si-nc size and Eg. XPS analyses made it possible
to obtain information on the chemical binding state in
Nd,Os and the trivalent state of Nd ions (Nd**). High-
resolution core level of Nd spectra showed a doublet of
satellites Nd 3ds» and Nd 3ds;» situated at 980.7 and
1003.2 eV, respectively. Finally, PL measurements show
that our samples exhibit enhanced luminescent properties.
The most intense Nd-related PL peak was obtained for a
sample annealed at a temperature of 900 °C. PL emission
of the NIR range from Nd** and its sublayer Si-ns constitute
prospective materials for a photovoltaic device.
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