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down conversion layers in c-Si solar cells
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Abstract— Experimental results on the influence of the
annealing temperature on the photoluminescence (PL) emission
of silica and Titania arrays are presented. Bilayers of titania and
silica nanoparticles (NPs) of 100 nm and 600 nm, respectively,
were deposited on crystalline silicon (c-Si) substrates and
exposed to an annealing process from 400°C to 1100°C in a
controlled atmosphere. Our results show that PL intensity
emissions can be switched controlling the annealing
temperature for 30 minutes. Annealing parameters from bilayer
NPs results are applied as absorber layers in c-Si solar cells to
enhance their performance characteristic.
Keywords—Photoluminescence, reflectance, Titania, Silica,
nanoparticles, solar cells.

I. INTRODUCTION
Nature is the main protagonist of important phenomena
that include inert materials and living organisms. Scientists
through different mechanisms try to describe these
phenomena with film interference, diffraction grating,
scattering, and phonic crystal principles [1]. One way to
achieve a mimic of these structures is with micro- or nanostructures allowing interaction with the wavelength.
According to the phenomena corresponds to the structural
design that describes the process. Some structures are based
on plasmonic structures such as nanoholes, metal-insulatormetal, nanorods, nanopillars, nanowires, grating, or dielectric
structures as nanospheres. An application of this kind of
structures is the light trapping mechanism based on focusing,
waveguiding, and scattering, as a leaf does through
arrangements of dielectric spherical structures as some authors
report [2], [3], [4], where the shape, size, and material can
control the amount of incident light to be captured into itself.
Therefore, these kinds of geometries have been studied for
solar energy harnessing.
Conversely, photovoltaic (PV) systems have some issues
to establish a reliable source of electrical power, for example,
their low energy density. Conventional solar cells exhibit
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relatively low conversion efficiencies due to several issues, as
reflection losses, lattice thermalization, recombination,
parasitic resistances [5], but the most important is the fact that
there is not any material capable to absorb the 100 percent of
light (UV-Visible-IR). Therefore, one possible solution is the
implementation of films or structures in the top of the solar
cells in order to absorb more efficiently the solar spectrum.
Which can be achievable with the Down conversion (DC)
process, where a high-energy photon is converted into two or
more photons with lower energy [5].
Early works related to DC for solar cell applications were
focused on lanthanide ions due to their optical properties [5].
However, the silicon dioxide (Silica) and titanium dioxide
(Titania) nanomaterials arrangements, studied as light
trapping, are an option as down converters due to their
photoluminescence (PL) properties. It is possible that, from
their spherical NPs configuration and their material properties
could guide the incident light into the NPs array and then
maximize the scattering, improving a light absorption. The
Titania nanoparticles (NPs) properties are two crystal phases,
anatase and rutile, with a refractive index of 2.4 and 2.9,
respectively, while their band gap is about 3.2 eV for the
anatase phase and 3.05 eV for the rutile phase [6]. The Silica
NPs have a refractive index of 1.47 and a reported band gap
of 3.85 eV [7]. Analyzing different configurations has an
important role for the reduction of reflection losses.
The optical properties of nanostructured semiconductors
can be modified under thermal treatment to improve the
efficiency of light sources for some optoelectronic devices. PL
and the mechanism of light emission in thermal annealed thin
films have been widely studied, for example, in the silicon
excess in silicon-rich oxide (SRO) films and TiO2-SiO2 films
[8], [9]. Performance of the dependence of the PL peak energy
and its intensity enhancement as a function of the annealing
time was studied in [10] and [11]. For example, PL intensity
of Titania nanostructures studies under annealing time

variation showed a PL enhanced at short times from 400 nm
to 800 nm [8] at 1100°C. Also, studied films of SiO2 exhibited
a PL band in the 1.4-2.1 eV range after being exposed at
1100°C for 1, 3, and 5 hours [12]. These results were
explained by the change in surface trap levels, which are
induced by the presence of oxygen vacancies [13], [14].
We propose experimentally to study the Silica and Titania
NPs photoluminescent enhancement by annealed treatment
with variation in temperature. In this report, study the PL
properties of nanoparticles array of silica and titania, with a
diameter of 600 nm and 100 nm, respectively, and then we
select the best temperature parameters to apply the films over
conventional c-Si solar cells to enhance their performance
characteristics.
II. EXPERIMENTAL

under a nitrogen atmosphere at atmospheric pressure to study
the PL emission. The Titania-Silica configuration on c-Si
solar cells was annealed at 400°C for 5, 10, 20, and 30 min,
and 500°C for 10, 20, and 30 min.
F. Characterization equipment
The periodical NPs distribution was visualized by a Scanning
Electron Microscope (SEM) Hitachi, model SU3500.
Photoluminescence spectra were recorded at room
temperature in the wavelength range of 370-1000 nm using a
photomultiplier tube as a signal detector. The 3.54 eV (350
nm) emission line of a continuous light source xenon arc lamp
was used for the excitation. The phase contrast was measured
with the AFM equipment (Besoke Delta Phi). The TitaniaSilica configuration on c-Si solar cells was measured with a
Solar simulator AM1.5 with a power density of 100mW/cm2.

A. Materials
Silica (SiO2) nanoparticles (NPs) with an average diameter
of 600 nm at 5 wt% in water and Titania NPs in rutile phase
and high purity with an average diameter of 100 nm at 20 wt%
in water were purchased from NanoCym and US Research
Nanomaterials, Inc., respectively. As substrates, we employed
[100] crystalline silicon (c-Si) substrates. Standard c-Si solar
cells (1ൈ 1 cm2) were fabricated and proportionated by the
microelectronics lab from INAOE.
B. Substrate preparation
c-Si substrates were prepared using two processes. The
first process was the cleaning process which includes the c-Si
solar cells: the substrates were immersed in an ultrasonic
shower with Trichloroethylene (TCE) and then in acetone, 10
min for each solvent, washed three times in deionized water,
and dried by centrifuge. The second process makes
hydrophilic surfaces, the substrates were exposed to oxygen
plasma at 300 W and 250 mTorr for 240 s.
C. Colloidal solution preparation
Silica and Titania NPs were received as a colloidal
suspension in water. The NPs were dispersed in a ratio of 1:3
and 1:2, respectively, with a solution of the surfactant Triton
X-10 and methanol at 1:400 by volume [15], [16]. The NPs
suspensions were sonicated for 30 min to avoid
agglomeration.
D. Nanospheres deposition
Two periodic silica and titania arrays were deposited on
c-Si substrates of size 1ൈ1 in. The first array is a SilicaTitania bilayer, the silica NPs form the bottom monolayer and
titania NPs form the top monolayer. The NPs layer was
deposited at a spin speed of 1500 rpm, and 4000 rpm,
respectively, see Figure 1a). The second array is a TitaniaSilica bilayer, the titania NPs form the bottom monolayer and
silica NPs form the top layer, Figure 1b). The rpm is the same
that another configuration. Every NPs layer was dried at 80°C
for 10 minutes on a hotplate. The Titania-Silica NPs
configuration was deposited on the top of the c-Si solar cell
shown in Figure 2a). The NPs bilayer configuration does not
cover all the Al contacts, see Figure 2b).
E. Thermal annealing of NPs bilayer array
The Silica-Titania and Titania-Silica samples were
annealed at 400, 500, 600, 700, 800, 900, 1000, and 1100°C
for 30 minutes in a tube furnace with a flat quartz holder,
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b)

Figure 1. Schematics of nanoparticles (NPs) arrays: a) Titania-Silica NPs
configuration and b) Silica-Titania NPs configuration.

a)

b)

Figure 2. a) Basic structure of a c-Si solar cell and b) NPs deposited inside
the red dashed line on the c-Si solar cell of 1ൈ1 cm dimension.

III. RESULTS AND DISCUSSION
A. Morphology
Figure 3 shows the images of nanoparticles (NPs)
configurations obtained by Scanning Electron Microscopy.
Figure 3 a) shows the Titania-Silica NPs configuration. The
bottom layer of titania NPs appears to be a uniform NPs layer
at a spin speed of 4000 rpm. Meanwhile, the top layer of
Silica NPs is closely distributed at 1500 rpm. Figure 3 b)
shows the Silica-Titania NPs configuration. The bottom
monolayer of silica NPs shows holes between the dispersed
NPs1.0ࣆ
at 1500 rpm. There is observed that the top layer of
titania NPs does not have a uniform distribution although
they were distributed at 4000 rpm.

roughness (RMS) changes from 0.0296 ߤ݉ to 0.281 ߤ݉, and
Silica NPs changes from 0.0464 ߤ݉ to 0.0425 ߤ݉, at 25 °C
and 1100 °C, respectively.
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Figure 4. Phase contrast images of NPs monolayer NPs before and after
annealing process: a) Titania NPs without thermal treatment, b) Titania NPs
thermally annealed at 1100 °C for 30 minutes, c) Silica NPs before thermal
treatment and d) Silica NPs thermally annealed at 1100 °C for 30 minutes.
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Photoluminescence
Figure 5 shows the characteristic PL spectra of NPs bilayer
configurations before the thermal treatments. The black line
represents the PL emission of the Titania-Silica configuration,
there is observed that the maximum emission achieves the
1800 a.u. in the wavelength of 400 nm that is associated with
the silica PL emission [12], and there is a second emission
with a lower amplitude of 500 a.u in the wavelength range of
750 and 850 nm that is associated with the characteristic
titania PL emissions [8]. The red line shows the PL spectra of
the Silica-Titania configuration. There is observed a unique
maximum emission in the wavelength of 400 nm that
corresponds to the silica NPs emission.

Figure 3. SEM images of NPs bilayer configurations: a) Titania-Silica NPs
configuration: the bottom layer is made with titania NPs with 1:2
concentration deposited at 4000 rpm and the top NPs layer is made with silica
NPs with a concentration of 1500 rpm, and b) is the Silica-Titania NPs
configuration, it is made with the same parameters than another
configuration.

TiO2(1:2,1500rpm)+SiO2(1:3,1500rpm)

SiO2(1:3,1500rpm)+TiO2(1:2,4000rpm)

2000
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To identify a morphology change, in Figure 4 is shown the
phase contrast of the NPs monolayer before and after the
thermal treatment. Figure 4a) illustrates the phase contrast of
Titania NPs monolayer without thermal treatment, while
Figure 4b) shows the same monolayer thermaly annealed at
1100 °C for 30 minutes. There is observed a smoothing
between the NPs distribution after the annealing process.
Similarly, Figure 4c) shows the Silica NPs monolayer
without thermal treatment and Figure 4d) shows the same
sample thermaly annealed at 1100 °C for 30 minutes. These
images show that Silica NPs after thermal treatment are
melting, then, there is a greater contact area between the NPs
because their spherical shape is modified to ellipsoids.
Therefore, is expected that NPs at high temperatures suffer a
mechanical and structural restructuring. These results were
corroborated with the roughness decrease; Titania NPs
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Figure 5. Photoluminescence of NPs bilayer configuration of a) Titania-Silica
configuration and b) Silica-Titania configuration before thermal treatment.

Experimental results show that the NPs monolayer order
contributes to the PL intensity emission. Is observed that the
silica NPs monolayer on the top of the configuration increase

and sharp the two PL emissions at 400 nm and 800 nm, when
the silica NPs monolayer is on the bottom the PL intensity is
decreased by the existence of titania NPs.
Conversely, Figure 6 shows the PL spectra of the NPs
bilayer configurations with thermal treatments from 400 to
1100°C with steeps of 100°C. Figure 6a) shows the PL spectra
of Titania-Silica NPs configuration. There is observed two PL
emissions at 400 nm and 800 nm. It is important to highlight
a change in the PL intensity as the temperature increase. For a
temperature of 400°C, the PL emission reaches the maximum
emission of 10000 a.u. in 400 nm, almost 5 times higher than
the non-annealed sample. Also, the second emission at 800 nm
reaches a PL intensity of 2000 a.u. As the temperature is
increased, the PL emission decreases gradually at 400 nm and
is observed also that the PL intensity increases at 800 nm. The
maximum PL emission reached in 800 nm is around 8000 a.u.
for a temperature of 1000°C and it represents 27 times largest
than samples without thermal treatment. Therefore, the
maximum PL of Titania-Silica NPs configuration shows an
intensity transition from 400 nm to 800 nm when an increment
in temperature is applied.
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Figure 6. Photoluminescence of NPs bilayer configuration of a) TitaniaSilica configuration and b) Silica-Titania configuration with thermal treatment
from 400 to 1100°C for 30 minutes.

Figure 6b) shows the PL spectra of Silica-Titania NPs
configuration, there is observed two PL emission peaks. The
first peak is at 400 nm, where the maximum PL amplitude
reached is around 2000 a.u for temperatures from 400 to
1100°C, this PL intensity is 2 times larger than the sample
without thermal treatment. There is a second peak at 800 nm,
the maximum amplitude reached is 20000 a.u. and it is 400
times larger than samples without thermal treatment. There is

observed that the PL intensity for this configuration increase
as temperature increases in the IR region.
From these results, when the NPs configurations are exited
with an energy of 3.54 eV two emission are presented, one of
them at 3.1 eV associated with silica NPs emission and the
second one at 1.55 eV corresponding to titania NPs. The
amplitude change is related with the annealing temperature
applied, because, annealing temperatures higher than 500 °C
shows a slight increase in the presence of titanium in the
material and a slight absence of oxygen, which indicates that
titanium has changed in their molecular structure, where
oxygen vacancies are generated by desorption [17]. On the
other hand the silica is affected by the size and structure of the
nanocrystals that structuring the NPs [12].
Our experimental results show that NPs bilayer order
modifies the maximum PL intensity at 400 and 800 nm. The
Silica-Titania NPs configuration shows the maximum PL
intensity at 800 nm in comparison to the Titania-Silica NPs
configuration. High temperatures are required to reach the
maximum amplitude, up to 800°C. However, if we work with
the Titania-Silica NPs configuration is possible to control the
maximum PL emission at 400 nm or 800 nm, with the
advantage of applying lower temperatures that do not modify
drastically the NPs morphology as high temperature may do,
as the phase contrast shows in Figure 4. It is an important
result that allows interest applications in optoelectronics
devices as solar cells.
Figure 2a) shows the structure of a standard c-Si solar cell,
where the band gap (Eg) is 1.12 eV. There are several
processes to enhance the efficiency of a solar cell, one of these
is the change of wavelength absorption given by DC materials.
Also, there was observed in Figure 6a) that Titania-Silica NPs
configuration performance the maximum PL emission at
lower temperatures (400 and 500 °C) in the range from 3.1 eV
to 3.35 eV, after to be illuminated with a wavelength of 3.54
eV. From these results is evident that silica NPs contribute
more to the absorption than titania NPs in this emission region
(3.1 eV), because, as has been mentioned, this emission
corresponds to silica material. There is a minimal PL emission
contribution of titania NPs from 1.55eV at same low
temperatures. These parameters promise to be optimal to be
applied in our standard solar cells. Therefore, these DC
materials ensure that larger light absorption increases the
current density, generating more electron-holes, and
minimizing loses by heat.
The Current density ሺ )ܬvs voltage (ܸ) of the c-Si solar
cells were measured before and after the NPs deposition with
thermal treatment. These results are shown in Table I, the
values shown are the annealing temperature at the time of 10,
20, and 30 min, current density in the short circuit density
(ܬ௦ ), the open circuit voltage ( ܸ ), fill factor () ܨܨ, and
efficiency ܨܨܧሺߟሻ.

The results showed that solar cells with Titania-Silica NPs
configuration enhanced their performance characteristic. The
samples annealed at 400°C for 10 and 20 min enhanced their
ܬ௦ in 10.28 % and 6.31%, ߟ in 4.29 % and 1.14%,
respectively, in comparison to a raw solar cell. Similarly, solar
cells with the same NPs configuration at 500°C for 30 min
enhance their ܬ௦ in 8.57% and ߟ in 1.14% in comparison to a
bare device.

TABLE I.

PERFORMANCE CHARACTERISTICS OF C-SI SOLAR CELLS
SUBJECTED TO ANNEALING PROCESS FOR DIFFERENT TIMES.
Sample

Time

V

mA/cm2

0
10

ܸ

32.1
35.4

ܨܨ

0.46
0.64

ܨܨܧሺߟሻ

0.54
0.54

0
20

0.52
0.54

30.1
32.0

0.70
0.70

11.02
12.16

0
30

0.54
0.54

33.4
32.9

0.69
0.60

12.04
10.77

0
10

0.54
0.54

34.8
33.0

0.67
0.72

12.78
13.0

0
20

0.52
0.54

34.0
33.1

0.70
0.72

12.47
13.06

0
30

0.54
0.54

31.5
34.2

0.65
0.66

11.09
12.23

0
10

0.48
0.48

27.7
26.4

0.63
0.67

8.49
8.53

0
30

0.50
0.48

29.6
26.7

0.56
0.50

8.36
6.46

min
Without TiO2+SiO2 NPs
With TiO2+SiO2 NPs at
400°C
Without TiO2+SiO2 NPs
With TiO2+SiO2 NPs at
400°C
Without TiO2+SiO2 NPs
With TiO2+SiO2 NPs at
400°C
Without TiO2+SiO2 NPs
With TiO2+SiO2 NPs at
500°C
Without TiO2+SiO2 NPs
With TiO2+SiO2 NPs at
500°C
Without TiO2+SiO2 NPs
With TiO2+SiO2 NPs at
500°C
Without TiO2+SiO2 NPs
Without TiO2+SiO2 NPs
at 400°C
Without TiO2+SiO2 NPs
Without TiO2+SiO2 NPs
at 500°C

ܬ௦

%

%

8.05
12.34

Figure 7 shows the Current density vs voltage curves of
the solar cells. The black line corresponds to a solar cell before
the annealing treatment and without NPs configuration. The
red line corresponds to a solar cell with thermal treatment and
Titania-Silica NPs configuration. Figure 7a) shows the
maximum increment of ܬ௦ after the thermal treatment at
400°C for 10 min. Figure 7b) shows the ܬ௦ increment at
400°C for 20 min and Figure 7c) shows the second maximum
ܬ௦ at 500°C for 30 min.

500°C for 10 and 30 min, respectively, without the NPs
configuration. There is observed that the thermal process by
itself does not enhance the ܬ௦ .

Figure 8. Current density vs Voltage curves of solar cells without NPs
configuration before annealing process (black line) and after thermal
treatment (red line) a) at 400°C° for 10 min and b) at 500°C for 30 min

Finally, we found that 43% of the solar cells increased
their current density by 8% in average when the NPs are
employed and annealed at lower temperatures. The
experimental results verify that the Titania-Silica NPs
configuration over the standard solar cells enhance the light
absorption. For the rest of the samples, the current density was
lower when the NPs were employed. Then more studies are
needed to clarify this effect.
CONCLUSIONS
The characteristic PL emission of Titania-Silica and SilicaTitania NPs configurations was enhanced by thermal
treatments. Our results showed that the order in which layers
were deposited modified the PL emissions. We observed that
the Silica-Titania bilayer NPs configuration had a larger
emission than the Titania-Silica NPs configuration after the
thermal process. For the Silica-Titania NPs configuration, the
maximum PL emission was shifted from 400 nm to 800 nm
as the temperature was increased. The Titania-Silica NPs
configuration showed a shifting of the maximum PL emission
from 400 nm to 800 nm as the temperature was increased and
the annealing process at 400°C and 500°C for 10, 20, and 30
min produced the optimal PL emission of NPs. We found that
43 % of the solar cells increased their current density by 8 %
in average when the NPs were used. For the rest of the
samples, there is not an enhances in their performance
characteristics. It is necessary to perform more research on
the PL emission and annealing temperature on solar cells with
Titania-Silica NPs configuration with potential applications
in different microelectronics devices.
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