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Effect of bismuth oxide nanoparticles on the physicochemical
properties of porous silicon thin films
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Abstract. In this work, bismuth oxide nanoparticles were successfully deposited on porous silicon (PSi) in order to enhance
the light absorption and reduce the optical losses. The obtained bismuth oxide (Bi2 O3 )/PSi samples were characterized
by means of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, scanning electron
microscopy (SEM) combined with energy-dispersive spectroscopy (EDS), atomic force microscopy (AFM), photoluminescence (PL), UV–visible absorption and reflection spectroscopy techniques. The XRD studies revealed the formation of the
monoclinic α-Bi2 O3 phase. The XPS analysis demonstrates the formation of highly pure Bi2 O3 nanoparticles in accordance
with XRD results. The SEM and AFM analyses confirmed that the bismuth oxide nanoparticles are well incorporated and
uniformly distributed over the surface of PSi without changes in the arrangement and shape of the pores, resulting in an
optimized microstructure. The Bi2 O3 /PSi films showed better absorption than PSi layers as indicated by UV–Vis absorption
technique. The reflection measurements confirmed a further reduction in reflectivity of PSi from 6.4 to 3.5% after the inclusion of Bi2 O3 nanoparticles, which is of significant importance for solar cells application since it can enhance its conversion
efficiency. The Bi2 O3 /PSi films have a great promise to be used as efficient antireflection coatings in innovative concepts
of higher efficiency and cost-effective solar cells.
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1. Introduction
Porous silicon (PSi) has an attracted attention for photovoltaic cells application due to its interesting properties
such as remarkable absorbance, lower surface reflection as
antireflection coating (ARC) [1–3], surface passivation and
texturization [4,5], and large and direct band gap (1.8–2.2 eV)
when compared with crystalline silicon (c-Si) [6,7]. In this
work, we used stain etching technique to fabricate the PSi
thin films. In order to reduce its surface reflectivity more,
which is of great importance for solar cells application, we
deposited bismuth oxide (Bi2 O3 ) nanoparticles using an inexpensive electrochemical method. The process is promising for
solar cells due to its simplicity and reproducibility.
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Structures based on bismuth oxide have a great promise for
the development of highly efficient solar cells due to its good
light absorption characteristics. Nowadays, there has been
significant interest in the photovoltaic properties of bismuth
oxide nanoparticles [8–10], for their integration in various
solar cells structures with the aim to improve their conversion efficiency. Additionally, this material has an appropriate
direct band gap [11], high refractive index, non-toxic nature,
good photoconductivity and photoluminescence (PL) [12,13].
Bi2 O3 has five main crystallite phases, called monoclinic
α-Bi2 O3 , tetragonal β-Bi2 O3 , body-centred cubic γ-Bi2 O3 ,
face-centred cubic δ-Bi2 O3 and triclinic ε-Bi2 O3 [14,15]. The
phases α and δ are the two stable phases of the bismuth oxide:
the α phase is stable at low temperature and the δ phase at high
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Figure 1. Electrochemical cell used for the deposition of Bi2 O3 nanoparticles onto PSi.

temperature; the transition occurs at a temperature of 729◦ C.
The γ and β phases are two metastable phases obtained during
the cooling of the δ phase, and are transformed into α phase
at low temperature. Each phase exhibits different properties.
The monoclinic α-Bi2 O3 is an adequate material used in solar
cell application due to its stability at low temperature and
characteristic to be active in the visible light region [16].
We report, here, for the first time in literature, the integration of Bi2 O3 nanoparticles as ARC on PSi structures for
photovoltaic cells. We characterized the morphology and the
structure of Bi2 O3 nanoparticles and we studied the effect of
the deposited Bi2 O3 nanoparticles on the optical properties of
PSi by different characterization techniques. We demonstrate
that the Bi2 O3 /PSi thin films were appropriate and efficient
as ARCs for solar cells applications.

2. Experimental
2.1 Fabrication of PSi
PSi (p-type) thin films are prepared by stain etching method
using (100) p-type monocrystalline silicon (Si) wafers with
a thickness of 340 μm and a resistivity of 0.5–3 cm as
substrates. The stain etching process was carried out using a
solution consisting of HF/HNO3 /H2 O for 12 s at room temperature according to the procedure described in our previous
study [17]. The chemical reactions involved are as follows:
⎧
⎨ HNO3 + 3H+ → NO + 2H2 O + 3e+
n e+ + Si + 2H2 → SiO2 + 4H+ + (4 − n) e−
⎩
SiO2 + 6HF → H2 SiF6 + 2H2 O
HNO3 acts as the cathode and provides holes that permit Si
to anodize and then dissociate in water.

2.2 Deposition of Bi2 O3 nanoparticles on PSi
Bi2 O3 nanoparticles were deposited onto p-type PSi by electrochemical method using an Autolab potentiostat/galvanostat
driven by GPES software (figure 1). The electrolytic baths
were composed of 0.001 M Bi(NO3 )3 ·5H2 O, (1 M l−1 ) NaOH
and tartaric acid (0.25 M). The pH was adjusted to 12. Deposition was realized at room temperature for 30 min at a constant
potential of −1.5 V/ECS.

2.3 Characterization techniques
The crystal structure and phase composition of the synthetized
samples were examined using an X-ray diffractometer (D8
Discover BRUKER) using Cu-Kα radiation (λ = 1.5406 Å).
Typical spectra were collected between 2θ = 30◦ and 80◦
with a step size of 0.02◦ . The crystallites size of Bi2 O3
nanoparticles was also deduced from X-ray diffraction (XRD)
analysis using Scherrer’s formula. X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5000 Versa Probe
Scanning ESCA Microprobe de ULVAC-PHI Inc spectrometer. The Raman spectra of the samples were recorded by means
of a Raman spectrometer (Spectro: Andor Shamrock SR163, Camera: AndoriDus DU401A-BR-DD, Grating: Andor
SR1-GRT-0600-0500, Fente: Andor SR1-SLT-0010-3). The
surface morphologies of the elaborated materials were investigated by scanning electron microscopy (SEM, HITACHI
SU8230). The elemental composition of Bi2 O3 /PSi was further studied using an energy-dispersive X-ray spectroscopy
(EDS) probe with SEM. Atomic force microscopy (AFM;
Ando model—HS-AFM 1.0 with PID feedback 2.0) was performed for topography analysis and surface roughness evaluation. A fluorescence spectrometer (Andor Shamrock SR-i,
Detector: Camera Andor Newton 920) was used to record
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Figure 2. The XRD patterns of the PSi and Bi2 O3 /PSi samples.

PL spectra of the samples. The optical absorption study was
carried out using an OL 750 automated spectro-radiometric
measurement system. The reflection measurements were
made using a VARIAN Cary 500 Model ultraviolet–visible–
near-infrared (UV–Vis–NIR) spectrophotometer equipped
with an integrating sphere. The optical band gap was determined from the edge of the absorption spectra and confirmed
by UV–Vis reflectance measurements.

3. Results and discussion
3.1 Structural and morphological properties
3.1a XRD and XPS studies: The crystallographic structure and phase purity of the synthesized samples were first
examined by XRD measurements. The XRD patterns
of PSi and Bi2 O3 /PSi samples are presented in
figure 2. As can be seen from this figure, the two peaks
attributed to α-Bi2 O3 monoclinic phase at 2θ = 44.29◦ and
37.64◦ are reflected from (040) and (22–1) planes, respectively, according to reference PDF card no. 98-009-4230 while
the main diffraction peak located at 2θ = 56.12◦ corresponding to (100) direction is originated from PSi consistent with
reference PDF card no. 00-027-1402. This result confirms
that PSi saved the same crystallographic orientation as that of
silicon substrate.
The average crystallite size D of Bi2 O3 nanoparticles was
calculated by the conventional Scherrer’s formula [18].
The estimated crystallite size of Bi2 O3 nanoparticles is
20 nm. This estimation was made using the peak having
a maximum intensity corresponding to diffraction angle of
2θ = 37.64◦ .
In order to further confirm the presence of bismuth oxide
nanoparticles, the XPS measurements were performed and the
complete spectrum of Bi2 O3 /PSi sample is shown in figure 3a.

Figure 3. Complete XPS spectrum of Bi2 O3 on (a) PSi samples,
(b) Bi4f and (c) O1s scan.

As can be seen from this figure, the formation of two strong
peaks of Bi4f (figure 3b) indicates the trivalency state of the
bismuth ion (Bi3+ ) in Bi–O bonds [19,20], which corresponds
to Bi2 O3 [21] in good agreement with XRD result. We can
also observe the presence of the O1s peak (figure 3c), which
is attributed to Bi–O bond [22], confirming the formation of
Bi2 O3 [23].
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3.1b Raman analysis: Figure 4 presents the Raman spectra
of the p-type silicon substrate, p-type PSi and Bi2 O3 nanoparticles deposited onto PSi substrates Bi2 O3 /PSi.
The Raman spectrum of PSi is characterized by a larger
peak compared with monocrystalline Si. As confirmed by
other studies [24,25], the Raman peak intensity varied
inversely with silicon density and proportionally with photon penetration length in the material.
The Raman spectrum of Bi2 O3 /PSi showed a peak at
530 cm−1 , which confirms the formation of the α-Bi2 O3
phase [26,27], in good agreement with XRD result. The
appearance of two additional weak peaks centred at 540
and 543 cm−1 , in the same spectrum, is also related to this
phase [26].
3.1c SEM and EDS studies: The surface morphologies
of the PSi thin films were observed and analysed by SEM

Figure 4. Raman spectra of p-type Si, PSi and Bi2 O3 nanoparticles
on PSi.
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before and after Bi2 O3 deposition (figure 5). Figure 5a shows
a porous structure, consisting of large number of pores distributed randomly over the surface. Figure 5b illustrates the
presence of the Bi2 O3 nanoparticles. This image indicates that
the electrochemical process forms a uniform distribution of
nanoparticles over the PSi surface, which is free of cracks.
The thicknesses of the PSi and bismuth oxide on PSi films
were measured using cross-sectional SEM and found to be
398 and 213 nm, respectively.
Moreover, the chemical composition of the PSi and
Bi2 O3 /PSi films was further analysed by EDS technique combined with the SEM. The EDS spectra in figure 6 confirm that
the elaborated films contain bismuth and oxygen elements.
The strong peak of Si is originated from the silicon substrate.
The presence of impurities like F is due to the decomposition
of the solution used in the chemical treatment, whereas C, O
and Al originate from the crucible during the manufacture of
silicon.

3.1d AFM analysis: The topography and surface roughness of the PSi and Bi2 O3 /PSi films were studied by AFM
using the tapping mode. Figure 7a demonstrates the 2D
topographic image of the grown PSi samples with uniform
distribution of pores over the entire surface. Figure 7b shows
the AFM micrograph of the Bi2 O3 nanoparticles on the PSi
layer. The size of the Bi2 O3 nanoparticles is found to be 20 nm,
in good agreement with XRD results. The root mean square
(RMS) roughness of the PSi layer is 1.93 nm, which increases
to 2.26 nm after the deposition of Bi2 O3 nanoparticles (figure 7c, d), indicating their rough surface morphology. Surface
roughness is one of the important characteristics of the Bi2 O3
thin films for many optoelectronics and photovoltaic applications. The high roughness of PSi layer has a benefic effect in
the enhancement of the photoconversion process of solar cells
as reported by [28], which confirmed a reduction of reflectivity due to an increase of transmittance at the porous and bulk
interfaces.

Figure 5. SEM images of (a) PSi and (b) Bi2 O3 /PSi samples.
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Figure 6. Corresponding EDS spectra of (a) PSi film and (b) Bi2 O3 /PSi sample.

Figure 7. AFM 2D and 3D images of (a, c) PSi and (b, d) Bi2 O3 /PSi.
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Figure 9. UV–Vis absorption spectra of Si, PSi, Bi2 O3 /Si and
Bi2 O3 /PSi samples.

Figure 8. PL spectra of (a) PSi and (b) Bi2 O3 /PSi samples.

3.2 Optical properties
3.2a PL: Figure 8 shows the PL spectrum of PSi and
Bi2 O3 /PSi. As seen from the figures, the PSi films show a
strong PL emission in the visible region with peak centred on
λ = 685 nm corresponding to 1.8 eV, which is assigned to
the band gap energy of PSi. We can also observe that the PL
intensity of PSi decreases with the addition of Bi2 O3 nanoparticles, indicating lower electron–hole recombination rate. In
fact, the PL spectrum results from the emission caused by the
recombination of photo-induced electrons and holes [29] and
a small PL signal reveals lower radiative recombination as
reported by [30].
3.2b UV–Vis absorption measurements: The UV–Vis
absorption spectra acquired from monocrystalline Si, PSi,
Bi2 O3 /Si and Bi2 O3 /PSi samples are shown in figure 9.
These spectra clearly reveal that the Bi2 O3 /PSi films show
the highest optical absorption in the range of 600–1000 nm
of the solar spectrum compared with monocrystalline Si and
PSi. Based on literature survey, such enhanced absorption
is mainly attributed to the presence of Bi2 O3 nanoparticles,
which are known for their high absorption of visible light
[31–34] combined with light trapping by multiple scattering

Figure 10. Reflectivity spectra of Si, Bi2 O3 /Si, PSi and
Bi2 O3 /PSi samples.

effect of PSi [35]. In fact, the absorption characteristics correlate well with the AFM results, indicating that the high surface
roughness of Bi2 O3 and PSi layers plays an important role in
surface absorption and scattering (see Section 3.1d).
3.2c Reflection measurements: To confirm the possibility
of utilizing the Bi2 O3 /PSi as antireflective layers, we have
measured its reflectivity. As seen in figure 10, the reflectivity of Bi2 O3 /PSi samples decreases considerably to 3.5% at
550 nm compared with PSi films with reflectance of 6.4%,
which is a beneficial factor to enhance the short-circuit current and thus the conversion efficiency of solar cells [36].
It is interesting to note that the reduction of reflectivity by
Bi2 O3 nanoparticles is significant when compared with the
reflectance of monocrystalline Si, which is 35%.
The optical band gap E g of Bi2 O3 nanoparticles was
determined by the formula using wavelength extracted from
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UV–Vis absorption spectra [37]. It was found to be 2.84 eV,
which agrees with literature value reported for monoclinic
α-Bi2 O3 phase [31,38].

4. Conclusion
In summary, good quality PSi thin films were fabricated
using stain etching method for application as ARCs in solar
cells. Pure crystalline Bi2 O3 nanoparticles were successfully
deposited on the PSi films through an easier electrochemical process in order to achieve higher absorption and lower
reflection characteristics.
The PSi and Bi2 O3 /PSi films were characterized by the following techniques: XRD, Raman, SEM/EDX, AFM, PL and
UV–Vis absorption/reflection spectroscopy, and compared to
pure PSi layers. The XRD and Raman results confirmed the
formation of the α-phase of Bi2 O3 . In addition, the XPS analysis further demonstrates the high purity and stable phase of
bismuth oxide nanoparticles.
The characterizations also showed that Bi2 O3 /PSi films
exhibited an optimized microstructure, lower reflectance and
smaller carrier’s recombination rate compared with PSi layers. These results confirm the positive impact of the Bi2 O3
nanoparticles on the physicochemical properties of the PSi
layers. Thus, this interesting study shows the applicability of
Bi2 O3 /PSi as improved antireflective layers in highly efficient
solar cells.
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