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Effect nanoparticles silicon carbide on the characteristics of solar cells

based on lutetium diphthalocyanine
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Composites nanoparticles silicon carbide with lutetium diphthalocyanine were created. The size and shape
nanoparticles silicon carbide, as well as their phase composition, were determined by electron microscopy. The
absorption spectra of nanoparticles silicon carbide, a solution of lutetium diphthalocyanine, and a composite
nanoparticles silicon carbide with lutetium diphthalocyanine were measured. Raman scattering spectra were
obtained for nanoparticles silicon carbide. A comparative analysis of the absorption spectra of various samples
was carried out. The effect of lutetium diphthalocyanine molecules on the optical properties nanoparticles silicon
carbide was elucidated. The resulting composite of lutetium diphthalocyanine and nanoparticles silicon carbide was
used as a sensitizer to create Gretzel cells. In the control Grotzel cell, lutetium diphthalocyanine was used as an
absorber; in the working cell, lutetium diphthalocyanine was used in combination with nanoparticles silicon carbide.
The open-circuit voltage and short-circuit current were measured under the same illumination of both Grotzel cells.
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Introduction

The rapid development of solar panels attracts scientific
and research interest in creating new and improving the
characteristics of existing solar cells. The main element of
solar panels are photocells. At present, photocells are mainly
created on the basis of inorganic semiconductors (crystalline
and amorphous Silicon), perovskite compounds (for ex-
ample, methylammonium lead halide) and molecular dyes
(phthalocyanines, anthocyanins, copolymer solutions etc.).

Solar cells based on single-crystal Silicon have a high
coefficient of performance (COP), a long service life (more
than 10 years), are completely harmless, but expensive to
manufacture.

Solar cells based on Perovskites have a high COP, they
are cheaper than silicon photocells, but they have such
disadvantages as a short service life (1—2 years), toxic
due to the presence of lead, and relatively expensive to
manufacture.

Solar cells based on natural molecular dyes are harmless
and have a low manufacturing cost, but they have such
disadvantages as lower COP compared to photocells based
on silicon and perovskites, short service life (1—2 years) and
toxic when used Ruthenium.

Photocells based on crystalline Silicon have an efficiency
of ~ 24%, while those of amorphous silicon have a COP
of ~ 8% [1,2]. Photocells based on Perovskite compounds
have COP >24% [3]. Photocells based on molecular
dyes have COP ~ 8% when toxic Ruthenium is used in
dyes [4]. Dye-based photocells are also often referred to

in the literature as Grotzel cells. In this work, we have
studied the optical properties of molecular dyes for their
use in Grotzel cells. Grotzel cells use a bulk heterojunction
and are mesoporous semiconductor layers coated with dye
monolayers as molecular sensitizers and an electrolyte layer
playing the role of a redox element Metal oxides of the
Titanium dioxide type (TiO;) act as semiconductor layers.
The principle of operation of Grotzel cells differs signifi-
cantly from the operation of photocells on p—n-junctions.
The principle of operation of Grotzel photocells is based on
the photoelectrochemical effect caused by photoexcitation of
organic dye molecules and redox reactions in the electrolyte
In a particular case, organic semiconductors of the Metal
Phthalocyanine type can be used as organic dyes. Since
organic semiconductors have a low dielectric constant,
when excited by light, electron-hole pairs (excitons) bound
by the Coulomb interaction are formed in them. In
other words, when Gotzel cells are excited by light, dye
molecules (an organic semiconductor, for example, lutetium
Diphthalocyanine LuPc;) pass from the ground state to
an excited state (ie, a molecular exciton is formed in
the organic semiconductor). The created molecular exciton
diffuses to the transition boundary between TiO, and LuPc,,
passing a distance of the order of 10nm. Then the
molecular exciton at the transition boundary decays into
free electrons and holes. In this case, electrons diffuse into
the TiO, semiconductor, and holes diffuse into the KI+ 1,
electrolyte. The photoexcitation of dye molecules can also
be described by the where HOMO is molecular orbital
method, where and LUMO is lowest unoccupied molecular
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orbital. The HOMO molecular orbital is the bonding =
orbital, and the LUMO molecular orbital is the antibonding
ar* orbital. When excited by light, an electron passes from
the HOMO level to the LUMO level. Then the electrons
from the lowest unoccupied molecular orbital of the dye
molecule (LUMO) pass into the conduction band of the
TiO, semiconductor in a time of the order of 10~1%s. Then,
from the conduction band of TiO,, the electrons diffuse
to the conducting electrode (anode), and the holes pass
from the highest occupied molecular orbital of the excited
molecule (HOMO) to the electrolyte and are delivered by
the electrolyte to the counterelectrode (cathode) through
redox-chemical reactions [{]5 }. As an electrolyte, a solution
of KI+1I, in Ethylene Glycol is used, in which iodine
ions I~ and complex ions I (triiodites) are formed. The
dye molecule is oxidized with the loss of an electron. The
restoration of dye molecules to a neutral state occurs due
to the receipt of electrons from iodide ions (I7), which
diffuse towards the semiconductor-dye. After donating an
electron by the iodide ion, neutral atoms I form an iodine
molecule I,. In this case odine molecules (I,) diffuse in the
opposite direction to the electrode (cathode) Approaching
the electrode, the molecule I, receives an electron from
it, forming a complex I;. The Iy complex can both
attach two electrons from the cathode and decay at some
distance from the cathode. In the process of attaching two
electrons, three iodide ions Iy +2e~ = 31" are formed,
which diffuse towards the semiconductor-dye. In the
process of decomposition, the I;” complex decomposes into
an iodine molecule I, and an Iodine ion I~, which diffuse
from the cathode towards the semiconductor-dye and again
participate in the dye reduction reaction. Simultaneously
with the electron, the hole in the process of redox reactions
occurring in the electrolyte passes into the electrolyte
and moves to the cathode. In an electrolyte, a hole
can recombine with an electron of the Iy complex, as
well as with an electron of the cathode. In the Grotzel
photocell, the dye (photosensitizer) plays the main role,
and the titanium dioxide anode, cathode and electrolyte are
additional functional components. The simplest Grotzel cell
and the corresponding energy diagram are shown in Fig. 1.

At present, much attention is paid to the use of nanos-
tructured materials in photovoltaics, in particular, metal and
semiconductor nanoparticles. For metal nanoparticles, the
main studies in nanovoltaics is related to the study of the
use of plasmonic field amplification near nanoparticles to
increase the photocurrent [6]. This mechanism has the
drawback of strong absorption of light in metal nanoparticles
near the plasmon resonance, which limits the efficiency of
the Grotzel cells.

In the literature, the possibility of using semiconductor
nanoparticles with relatively low absorption in photovoltaics
is being studied. At the same time, a wide range of models
based on different physical mechanisms is considered.
Among them the creation of cells based on the Schottky
transition in a semiconductor-metal contact [7], the use of
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Figure 1. Grotzel cell and energy diagram organic semiconduc-
tor + inorganic semiconductor.

depleted heterojunctions [8], hybrid cells with semiconduc-
tor nanoparticles and perovskites [{] 9} and various options
related to the interactions of semiconductor nanoparticles
with other nanostructures [10], as well as semiconductor
nanoparticles as sensitizers in traditional Grotzel cells [11].
The purpose of this work is to study the effect of semicon-
ductor nanoparticles on the characteristics of sensitizers of
Grotzel cells, in which Lutetium Diphthalocyanine dye with
silicon carbide nanoparticles is used as sensitizers. Lutetium
Diphthalocyanine, unlike simple phthalocyanines, is readily
soluble in organic solvents. In contrast to the approach
described in [12], in which nanoparticles were introduced
into the TiO, matrix and thereby changed the characteristics
of the matrix, in this work, semiconductor nanoparticles
are used to modify the characteristics of the dye, primarily
to optimize the characteristics absorption and transfer of
electrons in the photoactive layer.

Experimental part

The following substances were used to obtain sam-
ples: Lutetium Dphthalocyanine (LuPc;), Silicon Carbide
nanoparticles (nSiC), and Tetrahydrofuran (THF). The
complex compound of Lutetium Diphthalocyanine has the
form [Lu(C32H16N8)2].

Sample 1 is a stock solution of Lutetium Diphthalocya-
nine with a volume of 2ml (LuPc; + THF—2ml).

Sample 2 was obtained by mixing an initial solution of
Lutetium Diphthalocyanine with a volume of 1 ml with an
initial solution of silicon carbide nanoparticles with a volume
of 1ml (LuPc, + THF 1 ml + n textSiC + THF 1 ml).

Sample 3 is an initial solution of 2ml Silicon Carbide
nanoparticles (nSiC + THF—2ml).

The initial solution of Lutetium Diphthalocyanine was
obtained by mixing 2mg LuPc, powder in 25ml THF
solvent. The molar mass of LuPc; is 1199 g/mol. The molar
concentration of Lutetium Diphthalocyanine in Tetrahydro-
furan was 7 - 10~> mol/l
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The initial solution of Silicon Carbide nanoparticles was
obtained as follows The powder with Silicon Carbide
nanoparticles was obtained by laser-induced pyrolysis by
mixing SiH4 Monosilane and C,H, Acetylene gases at a
temperature of 1500°C. A dark-colored powder with Silicon
Carbide (nSiC) nanoparticles weighing 3 mg was dissolved
in 10ml in Tetrahydrofuran (THF), chemically pure grade.
The solution was dispersed on an ultrasonic unit (US) with
a power of 100W with 5 intervals of 30s with breaks
of 30s. The resulting suspension was subjected to the action
of a centrifuge with a rotation speed of 8000 rpm for 5 min.
The liquid above the precipitate was then decanted and
a yellow, slightly opalescent solution was obtained. The
resulting colloidal solution was diluted 2 fold with THF,
centrifuged again for 45 min at 8000 rpm. The decanted
solution was used to obtain samples.

The following substances were used to prepare Grozel
Cells:Lutetium Diphthalocyanine dye (Pc;Lu) as a photo-
sensitizer, iodine solution with potassium iodide (KI+1;)
as an electrolyte, titanium dioxide (TiO, ) as a medium
for electron diffusion, Indium Tn Oxide (ITO) coated glass
as electrodes, Silicon Carbide (nSiC) nanoparticles as an
additive in organic dyes.

To obtain electrolyte (KI+1,), a sample of 1.67g of
Potassium lodide and 0.25g of Crystalline lodine was
dissolved in 20 ml of Ethylene Glycol [C;H4(OH) ,].

To obtain a composite of Titanium Dioxide with ITO, the
following operations were carried out. The TiO, powder
was stirred into Ethylene Glycol and then into Citric Acid.
The resulting mixture was applied to a ITO film on glass
and heat treated at temperature of 400°C for 30 min.
After heat treatment, the initial TiO, + ITO composite was
cooled in air for 24h. After cooling, the TiO, +ITO
composites were impregnated with a LuPc, 4+ THF solution.
Then the TiO; 4 ITO + LuPc; + THF complex solution was
dried for 24h at a temperature of 22°C. As a result,
an intermediate solution ITO + TiO; 4 LuPc; of light blue
color was obtained. After that, the ITO + TiO, + LuPc,
solution was impregnated with a solution of KI+1, in
ethylene glycol, and conductive layers of carbon were
deposited on the impregnated sides. Next, another glass
with ITO was attached to the Carbon layers. The final
composite is conventionally labeled

ITO + TiO; + LuPc, + KI+I, + C + ITO.

By adding nanoparticles of Silicon carbide (nSiC) to
lutetium Diphthalocyanine, a composite was obtained

ITO + TiO; + LuPc; + nSiC+KI+L, + C + ITO.

As a result of technological operations, two composites
were obtained in the form of a sandwich, which actually
represented Grotzel cells. The first (control) Grotzel cell
was conventionally designated as

[ITO + TiO,] + LuPc; + [KI+I,] + [C + ITO],
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Figure 2. Raman scattering spectrum of silicon carbide
nanoparticles.

and the second Grotzel cell was denoted as
[ITO + TiO;] + [LuPc; + nSiC] + [KI+1,] + [C + ITO].

The shape, size, and phase composition of silicon carbide
nanoparticles were determined by electron microscopy
using a JEOL JSM-5910 LV electron microscope. The
absorption spectra of dye solutions (photosensitizers) were
obtained in the Option Optics 2000 spectrometer with a
dynamic range of 300—1100nm. A tungsten lamp with
a power of 10 mW was used as a radiation source. The
ultrasonic treatment of solutions with dyes and silicon
carbide nanoparticles was performed in the UZDN-2T unit.
Heat treatment of Titanium Dioxide on a glass substrate
with ITO was carried out in a PM-8 muffle furnace.

Results and discussion

For Silicon Carbide nanoparticles, a microphotograph
and a diffraction pattern were taken to determine the
size, shape, and phase composition, which are presented
in detail in [13]. In it, the shape of Silicon Carbide
nanoparticles was determined, mainly spherical, the sizes
in the range 7—14nm, and the phase composition. Analysis
of the diffraction pattern [13] showed the presence of two
polytypes of silicon carbide nanoparticles 3C-SiC and 2H-
SiC.

The Raman scattering (RS) spectra of Silicon Carbide
(nSiC) nanoparticles at a temperature of 23°C are shown
in Fig. 2.

RS (Fig. 2) contains maxima at vy, = 198, 548, 785,
982, 1522, and 1707cm~!. The RS maxima at 1522
and 1707 cm~! correspond to carbon nanoparticles and
therefore will not be considered by us. The RS maxima
at vy = 198, 548, 785, 982cm~! correspond to silicon
carbide nanoparticles. The RS maximum at vy, = 198 cm™!
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Figure 3. Absorption spectrum of Silicon Carbide nanoparticles.

is due to the 4H-SiC. RS maximum at vy = 548 cm™!
corresponds to the 6H-SiC polytype. The RS maximum at
vm = 785cm™! is caused by the 3C-SiC polytype. And, fi-
nally, the maximum at vy, = 982 cm~! is due to the 6H-SiC
polytype. Note that the intensity of RS peak vy = 785cm™!
politype 3C-SiC polytype) lp, = 7 - 10%is the largest of all
peaks. The intensity of the RS peak vy = 198cm™!
(the 4H-SiC) polytype is about Ip, = 4.5 10%, ie. the
RR intensity is 1.5 times less than for the 3C-SiC poly-
type. The intensities of the RS peaks vy = 548 cm~! and
vm = 982cm~! (6H-SiC polytype) are equal, respectively
lpp = 1.5-10* and 3.5-10% ie, the RS intensity is 4.6
and 2 times lower for the 3C-SiC polytype, respectively.

An analysis of the Raman spectrum shows the presence
of three polytypes of silicon carbide nanoparticles 3C-SiC,
4H-SiC, and 6H-SiC.

In the absorption spectrum of Silicon Carbide nanoparti-
cles in the visible range at a temperature of 23°C (Fig. 3),
maxima vy = 372, 388 and 521 nm were found.

An analysis of the absorption spectrum shows the
presence of three different polytypes of silicon carbide
nanoparticles: 2H-SiC, 4H-SiC, and 3C-SiC. The maximum
at a wavelength of 372nm (E = 3.33eV) corresponds to
the 2H-SiC polytype. The absorption maximum at a
wavelength of 388nm (E =3.2¢V) is due to the 4H-
SiC polytype. The maximum absorption of radiation at
a wavelength of 521nm (E =2.38¢V) corresponds to
the 3C-SiC polytype. The results obtained are in good
agreement with the data of other authors [14].

Thus, based on the analysis of electron microscopy data,
Raman scattering and absorption spectra, four polytypes
were found in silicon carbide nanoparticles: 3C-SiC, 2H-
SiC, 4H-SiC, and 6H-SiC. In this case, the main part of
silicon carbide nanoparticles is formed in the form of 3C-
SiC and 4H-SiC polytypes, and only an insignificant part of
them is composed of 2H-SiC and 6H-SiC polytypes.
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The absorption spectra of solutions of Lutetium Diph-
thalocyanine in tetrahydrofuran (7,2, 3 samples) in the
presence of Silicon Carbide nanoparticles measured at a
temperature of 23°C are shown in Fig. 4 .

The following maxima were found in the spectra:
Am = 656nm (Q-band of LuPc;), Am = 454nm (BV-band
of LuPc3), Am = 350 nm (B-band of LuPc;) and three peaks
of SiC nanoparticles 4 = 372, 388 and 521 nm.

Absorption of radiation in the range with a maximum of
Am = 656 nm occurs on conjugated double Carbon-Carbon
bonds of benzene rings (n= 13) and conjugated double
nitrogen-nitrogen bonds (n = 6), where n is- number of
conjugated double bonds. In total, there are 38s-electrons
in a Phthalocyanine molecule (without a complexing agent).
The absorption peak (Q-band Am = 656nm) of sample
1 (LuPc; + THF) corresponds to the electronic transition
from HOMO 2b; to LUMO 6e3 (7—m*-transitions) with
energy interval Egomo.Lumo = 1.89 eV. Tis electronic transi-
tion occurs between the singlet ground state and the singlet
excited state. The absorbancy of the Q-band reaches values
in the range D = 1.4—1.5. This is the most intense absorp-
tion band of Lutetium Diphthalocyanine dye. Absorption of
radiation in the range with a maximum Ay = 454 nm occurs
on conjugated double carbon-carbon bonds of benzene
rings (n = 13), ie. radiation is absorbed on 26s-electrons.
The absorption peak (Q-band Am =454nm) of sample
2.73 (LuPc; + THF) corresponds to the electronic transi-
tion from HOMO 5e; to LUMO 2a; (7—s*-transitions)
with energy interval Epomo.Lumo = 2.73 eV. Tis electronic
transition occurs between the singlet ground state and the
singlet excited state. The absorbancy of the BV-band is
equal to D = 0.3, which is 5 times less than the Q-band.
Note that the absorption bands Q and BV do not contribute
to the useful light absorption, which affects the COP of the
Grotzel cells. The absorption peak (B-band Ay = 354 nm)

1.8}
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Figure 4. Absorption spectra of solutions PcyLu+ THF—2ml

red (sample 7), Pc;Lu+ THF—1 ml+nSiC THF—1ml green (sam-
ple 2), nSiC + THF—2ml blue (sample 3).
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corresponds to the electronic transition of HOMO 4a;
to LUMO 6e; (w—a*-transitions) with an energy interval
Enomo-Lumo = 3.54 eV. The electronic transition 4a; — 6€;
(B-band) occurs in Lutetium Diphthalocyanine due to
the absorption of radiation on conjugated double Carbon-
Nitrogen bonds of pyrrole rings (n= 6), ie., radiation is
absorbed at 12sm-electrons. The absorbancy in the B-band
of sample 1 is D =0.4. It is the B absorption band of
sample 1 that is the main optical range, which affects the
COP of the Grotzel cells.

A noticeable increase in absorption in the wavelength
range of 350—500 nm for samples 2 and 3 (Fig. 4) indicates
a strong mutual influence of silicon carbide nanoparti-
cles and Lutetium Diphthalocyanine molecules. Silicon
Carbide nanoparticles have increased adsorption activity.
Due to their large specific surface and excess surface
energy, silicon carbide nanoparticles easily adsorb Lutetium
Diphthalocyanine molecules on their surface, which leads
to energy transfer from dye molecules to semiconductor
nanoparticles [13]. The adsorption process occurs due to
van der Waals forces. The absorbance at the absorption
maxima at 372 and 388 nm is on the order of 0.6, which
is 2 times greater than the optical density in the B
band of Lutetium Diphthalocyanine. The proximity of the
absorption maxima of nSiC and the B band of Lutetium
Diphthalocyanine facilitates the energy exchange between
their energy levels, which can be seen in Fig. 4 for the B
band of Lutetium Diphthalocyanine Electrons in the LUMO
molecular orbital (E = 3.54¢V) of Lutetium Diphthalocya-
nine molecules pass into the conduction band of silicon
carbide nanoparticles with energies of 3.2 and 3.33eV. As
noted earlier, these energies correspond to silicon carbide
polytypes 2H-SiC and 4H-SiC. Since the concentrations
of 4H-SiC and 2H-SiC differ insignificantly, energy trans-
fer from Lutetium Diphthalocyanine molecules occurs on
both polytypes. In other words, the addition of silicon
carbide nanoparticles to the Lutetium Diphthalocyanine
dye significantly increases the absorption of radiation and
thereby improves the absorbing properties of the complex
dye + semiconductor nanoparticles. This in turn should
improve the performance of the Grotzel cell.

The main characteristics of the Grotzel control cell were
measured

[ITO + TiO;] + [LuPc;] + [KI+ 1] + [C + ITO)

and Groetzel cells with silicon carbide nanoparticles in a
sensitizer

[ITO + TiOy] + [LuPc; + nSiC] + [KI + L] 4 [C + ITO].
For the Grotzel control cell
[ITO + TiO,] + [LuPc;] + [KI+ 1] + [C + ITO)

the following characteristics were obtained: open-circuit
voltage Voc = 520 mV, short-circuit current | = 150 uA
and filling factor FF = 0.34.

The maximum power removed per unit area (1cm?) is
calculated by the formula:

Pmax = VoclscFF (1)

and amounts to Py, = 27 uW.
high coefficient of performance can be obtained by the
formula:
n = [(VoclscFF)/PL] - 100%, (2)

where P is power of the radiation source, in our case
PL=2.5mW.

Substituting the values into formula (2), we obtain the
high coefficient of performance n = 1%. For the Groetzel
cells with silicon carbide nanoparticles in a sensitizer

[ITO + TiO,] + [LuPc; + nSiC] + [KI+ L] + [C + ITO]

were obtained the following characteristics: open circuit
voltage Voc = 560 mV, short circuit current | sc = 350 uA,
duty factor FF = 0.34.

Substituting the values into formula (1), we get the power
Pmax = 67 uW. Substituting the values into formula (2),
we obtain the high coefficient of performance n = 2.7%.
Thus, the characteristics of the Grotzel cell were improved
by adding silicon carbide nanoparticles to Lutetium Diph-
thalocyanine as a sensitizer. At the same time, the power
increased by 2.5, and the high coefficient of performance of
the Grotzel cell increased by 2.7 times.

In this work, we obtained a stable Grotzel cell with
embedded silicon carbide nanoparticles in Lutetium Diph-
thalocyanine as a photosensitizer with improved power and
efficiency characteristics. The data obtained by us on the
COP and power of the Gretzel cells are also in good
agreement with the data of other authors [15].

Conclusion

A study was made of the influence of Lutetium Diph-
thalocyanine molecules (7—sm*-electronic transitions) on
the optical properties of silicon carbide nanoparticles. It
has been found that the absorption intensity of Lutetium
Diphthalocyanine molecules increases when silicon carbide
nanoparticles are added to the dye. This fact can be
explained by the additional absorption of radiation on silicon
carbide nanoparticles due to the proximity of the absorption
maxima of LuPc; and nSiC.

As a result of the studies of Lutetium Diphthalocyanine
complexes with silicon carbide nanoparticles, the following
conclusions were made.

1. Silicon Carbide nanoparticles obtained by laser-induced
pyrolysis have an almost spherical shape. The diameter
of nanoparticles varies from 7 to 14nm. Spherical Silicon
Carbide nanoparticles contain four types of polytypes: 3C-
SiC, 2H-SiC, 4H-SiC, and 6H-SiC. The main part of the
nanoparticles is formed in the form of the 3C-SiC and 4H-
SiC polytypes, while the rest consists of the 2H-SiC and 6H-

SiC polytypes.

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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2. The addition of Silicon Carbide nanoparticles to the
Lutetium Diphthalocyanine dye significantly increases the
absorption of radiation and contributes to an increase in the
absorbing properties of the photosensitizer.

3. In Gotzel cells, the main part of the energy upon
photoexcitation of Lutetium Diphthalocyanine molecules is
transferred to the 4H-SiC polytype, and the remaining part
of the energy (1.15 times smaller) is transferred to the 2H-
SiC polytype.

4. The addition of Silicon Carbide nanoparticles to the
Lutetium Diphthalocyanine sensitizer increases the power
by 2.5 times and 2.7 times the efficiency of the Gotzel cell.
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