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Abstract

In this paper, solar cells with ZnO electrode modified with Al203, were
manufactured and characterized, through the sol gel process: the precursor used
was Zinc Nitrate hexahydrate (Zn (NO3)2.6H20) [0.1 M] and triethalonamine
(TEA) [0.1M] was added with a heat treatment (100 °C) and later by precipitation,
the ZnO nanoparticles were obtained. They were then sensitized with the N719. The
paste used to obtain the ZnO film is modified with AI203 in different percentages.
This modification is achieved when the precursor (Al (NO3)3.9H20) is added to the
aqueous suspension of ZnO. For this procedure the following characterizations were
made: (1) XRD to check the crystal lattice of ZnO; (2) SEM to observe the rod-like
morphology of the sample and with an average grain size of 90 nm, the nanoporosity
of the samples was also observed; (3) UV Vis to check the absorption spectrum of
the dye that is in the visible region; (4) EDS to check the presence of Aluminium and
Zinc, (5) 1V to determine the efficiency of the cell (0.39%); (6) OCVD to determine
electron life time as a function of voltage; (7) IPCE to measure quantum efficiency
(maximum 13%); (8) FTIR to identify and verify the existence of functional groups
in the cell; (9) EIS that allows the determination of the parameters: electron half-
life, electron transport time, resistance of the ZnO/dye/electrolyte interface,
resistance of the film capacitive behaviour of the cell, which are important data that
allow knowing the chemical and electrochemical processes of the cells.
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Introduction.

Richard E. Smalley, 1996 Nobel laureate in chemistry wrote an article [1], where he
listed the top ten majo'r problems humanity will face in the next fifty years: energy
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shortage; scarcity of drinking water; food shortage; environmental degradation;
extreme poverty; terrorism and wars; diseases; access to education; dictatorship and
increase in world population [2],[3]. Energy is in first place, but solving it implies
development and economic prosperity, but it also damages the environment and
therefore human health. In this scenario, the challenge is to generate it, but in a clean
and cheap way, so that everyone has access to it. The second problem on the list is
water scarcity. Millions of people live on our planet without access to drinking water.
Given the increase in population and the depletion of aquifer reserves, it is necessary
to find new sources of clean water. Luckily our planet has great water resources, but
it contains salt and is located far away from where it is needed. In view of this, the
problem can be solved by desalinating the water and pumping it long distances, but
it must be done with low-cost energy; otherwise we will not solve the water shortage.
The third problem of food scarcity is also solved with energy to harvest crops and
distribute food using low-cost energy as much as possible to eradicate hunger and
extreme poverty. The fourth problem is solved by minimizing the impact on the
environment through clean energy consumption policies and drastically reducing the
consumption of fossil fuels. The fifth problem of poverty is alleviated with low-cost
energy. It can be pointed out that energy is the solution to most of the problems that
afflict humanity.

By 2050 the world population will be approximately ten billion people [4], and
according to energy experts, they predict that our planet would need 30 TW of
energy resources for that year to maintain economic growth [5] and in an optimal
projection every one of the inhabitants must have access to clean and cheap energy.
Faced with this situation, renewable energies will play an important role in meeting
energy needs as a clean alternative, photovoltaic solar cells being one of the best
alternatives.

Solar cells provide clean energy because solar energy is converted directly into
electrical energy without emitting carbon dioxide. Solar energy has no limits, it is
free and it is distributed evenly to all human beings. Crystalline silicon solar cells
have been extensively studied and are used in a number of applications due to their
enormous advantages over other forms of energy, since these devices have no
transmission losses, operate without noise, and require little maintenance. However,
the excessive cost and the enormous energy required for its manufacture have caused
a high price that prevents its mass use in the generation of photovoltaic energy. For
this reason, its application is limited despite its considerable development in the last
three decades [6].
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In this perspective, dye-sensitized solar cells (DSCC) are promising mainly due to
their low cost and easy fabrication. For this reason, many investigations are carried
out to improve its performance and efficiency [7], maintaining low-cost [8], such
as: using chemical methods (Sol-Gel) [3],[9], to find electrodes [3],[10], finding new
dyes [11], evaluation of blocking layers [12]. The objective of this research is to
manufacture and characterize solar cells with a ZnO electrode modified with Al203,
the doping of the electrode modifies the energy level of the electrode, modifying the
performance of the solar cell.

Experimental

Sol-Gel process

ZnO nanoparticles were obtained using the sol gel process [9]. For the synthesis of
ZnO, an aqueous solution of Zinc nitrate hexahydrate (Zn(NO3)2.6H20) at 0.1M
and TEA (triethanolamine: C6H15NO3) at 0.1M was used. The solution was poured
into a closed glass bottle and taken to a thermal process at 100 °C for 24 h, then it is
decanted and washed with distilled water [13]. To obtain the ZnO powder, a heat
treatment was carried out again for 8 h at 60 °C. The final paste was obtained by
combining 1 g of ZnO for every 2 g of water. 2.2.

Electrode Preparation

Al203 modified ZnO nanostructured films were prepared by the following method.
In an aqueous solution of ZnO, previously produced and explained in the previous
paragraph, different amounts of Al (NO3)3.9H20 are added in order to obtain
different amounts of AI203 in the final film. It has been proposed that the weight
percentages of AI203 with respect to ZnO vary between 1 and 3%. Pure ZnO films
have also been prepared for use as a reference. The suspension was magnetically
stirred for 24 h and then deposited by doctor's blading method on a conductive
substrate (SnO2:F) in a 0.25 cm2 square area formed by magic tape. It was left to
dry at room temperature for 2 h and then the working electrode was heat treated at
380 °C for 45 minutes [12].

Solar cell preparation

The electrodes were sensitized with dye by immersing the substrate with the
deposited film for 15 h in a container with dye N719 (cis-diisothiocyanato-bis (2,2'-
bipyridyl-4,4'-dicarboxylate) ruthenium (I1) bis (tetrabutylammonium)) to 0.5mM.
Excess dye on the electrode surface was removed with ethanol. On the other hand,
the counter electrode is covered with a platinum film by applying a drop of a 5mM
H2PtCI6 (chloroplatinic acid) solution on a conductive substrate and a heat treatment
of 450 °C for 15 minutes [12].

Solar cell assembly

Once the working electrode sensitized with N719 and the platinized counter
electrode are ready, we proceed to seal the cell, which consists of placing the surlyn
on the electrode as a frame in such a way that it does not cover the area of the ZnO
film and that allows the injection of the electrolyte. Subsequently, by means of a
thermal procedure (120°C) the surlyn melts and in this way the cell is sealed. Then
the silver paint is placed on the inner edges of the counter electrode and the electrode,
using a pipette we proceed to add one or two drops of the iodide/triiodide electrolyte
through the side openings as shown in Figure 1 to introduce the electrolyte to the
film of ZnO [11].
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Fig 1 Assembly of the ZnO solar cell sensitized with N719.

Results
X-ray diffraction (XRD)

Figure 2 shows the diffractogram of the sample and the characteristic peaks of wurtzite-
type ZnO can be clearly seen (standard pattern in JCPDS card number 36-1451), as well as
the peaks of the conductive film of the substrate (SnOz: F).
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Fig 2. X-ray diffractogram of ZnO modified with various percentages of Al;Os.

Determination of crystallite size.

When the x-ray beam falls on the crystal, a portion is reflected by the planes of the crystal
towards the detector to form the diffraction pattern; however, when the planes of the crystal
contract, the rays are deflected from their original position, which produces a change in the
diffraction pattern. When a defect occurs in the same crystal, x-rays are diffracted at various
angles from each plane and cause a broadening of the diffraction pattern peaks. Other
crystal defects also influence peak broadening, such as: crystallite size, sample
inhomogeneity, microstrain which depends on non-uniform lattice distortions, faults and
dislocations [14]. However, the peak broadening is not only due to the sample, it is also
due to the instrument. Ideally, the peak should behave like a delta(é) function with
negligible width. A careful observation of the pattern shows us that there is a doublet in the
characteristic peaks (Kal and Ka2), the ratio of intensities from the first to the second is
approximately 2 to 1 [15]. To calculate the exact parameters of the diffraction pattern, only
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Kal will be taken into account and for this, the composite peak must be deconvoluted in
two, as shown in figure 3.
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Fig. 3 Deconvolution of the ZnO diffraction pattern peak.
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Table 1. Parameters obtained in the diffractogram with the origin program (where d is the
size of the crystallite; € is the microtension and § is the dislocation)

(hkl) 26 () | 5q ©)
ICPDS | .o g oy | D € (10| 5 am?)
036 | |, (nm) |3
145
100 | 31,77| 31,83 | 0,13 | 64,16 | 2,035 | 0,0002
0 2 B 9 0 3
200 | 34,44 34,49 [ 0,13 | 64,16 | 1,903 | 0,0002
2 0 5 9 1 4
101 | 36,35| 36,32 | 0,14 | 61,43 | 1,890 | 0,0002
3 0 P 9 6 6
102 | 47,53 47,60 | 0,15 | 57,04 | 1,572 | 0,0003
9 5 D 3 5 0
110 | 56,60| 56,65 | 0,17 | 53,75 | 1,419 | 0,0003
3 3 5 5 3 4
103 | 62,86 62,92 | 0,18 | 52,14 | 1,321 | 0,0003
4 2 5 7 8 6
200 | 66,37 | 66,43 | 0,19 | 51,65 | 1,279 | 0,0003
9 8 P 4 3 7
112 | 67,96 68,00 | 0,18 | 55,19 | 1,172 | 0,0003
1 71 9 7 2
201 | 69,10 69,14 | 0,17 | 57,07 | 1,117 | 0,0003
0 9 B 5 7 0

From the table it can be seen that the positions of the peaks taken from the diffraction
pattern of the ZnO sample, compared to the standard pattern, are slightly displaced towards
positions of greater angles and therefore the type of microtension can be identified, which
is tensile microstress [16].

Scanning Electron Microscopy (SEM)
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The characterization was carried out at the Center for the Development of Advanced
Materials and Nanotechnology of the National University of Engineering (UNI), as is
known, the SEM (Hitachi Regulus model 8100) allows us to observe the morphology of
the samples in the nanometric order and that it is of vital importance to observe how the
particles of the ZnO film deposited on the electrode clump together. In all the samples, the
wurtzite-type hexagonal structure of ZnO is observed (Figures 4 and 5).

Said figures also show the nanoporosity of the film. It is worth mentioning that for various
percentages of Al,Os, it can be observed that said oxide is found in the film as shown in
figures 6 and 7. The ZnO nanoparticles are shown in the form of rods with a hexagonal
base of different sizes, both in the base and in their height, it is clearly observed that they
are well-defined nanostructures.

NI t mim xSl

Fig. 4 SEM of ZnO (Wurtzite hexagonal structure).

The surface is a heterogeneous distribution and the crystallites are seen to have a size
ranging from approximately 50 to 150 nm.
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Fig.5 SEM of ZnO (Hexagonal Wurtzite Structure).

Figure 5 shows the individual ZnO crystals, it is worth mentioning, they are clearly visible,
and their hexagonal grain base can be seen. The morphology and structure of the ZnO
nanoparticles is determined by the concentration of TEA (triethanolamine), according to
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publications, growth along the ¢ axis is suppressed if we increase the concentration of TEA
[17]. TEA forms complexes with Zn*2 and adsorbs on the ZnO surface, resulting in
enhancement or inhibition of ZnO crystal growth along the different planes. In Figures 4,
5, 6 and 7 the crystallites have a hexagonal structure because the growth along the direction
(0001) is greater than the direction (011 0).

JNIS Ok

Fig. 6 SE de n particulas de Al,O3 (1%) '

Figure 6 shows an SEM image of a ZnO film modified with Al,O3; deposited on a
conductive glass (SnOy). Varying the percentages of Al,Os, the presence of flakes on the
Zn0 surface can be seen in the morphology of the electrode films.

NI 3.CkV 3

Fig.7. S onnith Al>O3 nanoparticles (3).

A slight increase in Al,O3 can be seen in Figure 7. The Al,Oj3 particles make the modified
ZnO film denser than the unmodified films, and thus the specific surface area is increased,
allowing a greater area of dye deposition.

Visible UV spectroscopy.

For this characterization, an Ocean Optics USB4000 brand spectrometer and an Ocean
Optics brand DH2000 halogen light source were used. This technique allows us to
determine the amount of light absorbed by the sample, it is very important that the
absorption spectrum of the dye is in the visible (380-750 nm). Figure 8 shows that by means
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of this UV-Vis spectroscopy technique it was possible to know the absorption wavelength
that characterizes dye 719 is 530 nm, corroborating its photoactivity.

UV VIS N719
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Fig. 8 Absorption spectrum of dye N719.

Figure 9 shows the modifications that occur in the absorption spectrum under different
percentages of Al,Os.
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Fig. 9 Absorption spectrum of the ZnO electrode dye with different Al,O3 percentages.

Energy Dispersive Spectroscopy (EDS).

It can be seen in Figures 10, 11 and 12 that the EDS of the samples shows silicon and tin,
which are elements of conductive glass (TCO). Since the electrode (ZnQ) is modified with
Al>;Os in minimal percentages, aluminum as an element will be appreciated in a minimal
proportion (Figures 11 and 12).
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Fig. 10 EDS of the ZnO electrode (white).
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Fig. 11 EDS of the ZnO (1% AI203) electrode.
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Fig. 12 EDS of the ZnO (3% AIl203) electrode.

Characterization of the current-voltage (I-V) curve.
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CpsleV

The I-V curve for ZnO-based dye-sensitized solar cells with the incorporation of different
percentages of Al,Os, using Al(NO3)3.9H,0 as precursor, are shown in Figures 13; 14 and
15 subjected to irradiation of 1000 W/m?2. These cells were stained with N719 in 0.5mM
solution for 14 h. This characterization was carried out at the Center for the Development
of Advanced Materials and Nanotechnology of the National University of Engineering, the
equipment used is a Dyenamo Toolboox solar simulator. Said equipment shows the
efficiencies with an error e=+x0.001. The characterizations of the cells with different

percentages of Al,O3 are shown below.

e ZnO solar cell with 09 Al,Os

Migration Letters



J (mA/cm?)

68 Solar Cells Sensitized With Zinc Oxide Dye Modified With Aluminium Oxide

In this case, the cell without modification shows an average efficiency of 0.330% (see
Figure 13) with a short-circuit current density that varies from 1.02 to 1.15 mA/cm-2 and a
circuit voltage variation open from 0.543 to 0.630 V, such data is shown in Table 2.

-V CURVE
o (o ] (ef] ] Cell3
&é
<5
£
1 0 -K—\~
Voltage (V)
Fig. 13 I-V curve of three ZnO solar cells with 0% Al,Os.
Table 2. Efficiency of 3 ZnO solar cells with 0% Al203
(n=0.330; §=0.013).
ZnO n JSC Voc FF
(efficiency) | (mA/cm?) | (V)
%
Cell1 |0.343 1,02 0,630 0,536
Cell2 | 0.317 1,14 0,553 0,502
Cell 3 ]0.330 1,15 0,543 0,528

e ZnO solar cell modified with 1% Al,O3
When we modify the ZnO cell with 1% Al,Os, a relative improvement in average efficiency

of 0.359% is achieved, which is due to the increase in current density (see Figure 14 and
Table 3), that is, recombination of electrons is reduced.

IV CURVE

Voltage (V)
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Fig. 14 1-V curve of three ZnO solar cells with 1% Al.Os.

Table 3. Efficiency of 3 ZnO solar cells with 1% Al,O3
(n=0.359; §=0.006).
Zn0O n JSC Voc FF
(efficiency) | (mA/cm?) | (V)
%

Cell 1 0,362 1,50 0,620 0,389
Cell 2 0,364 1,43 0,632 0,404
Cell 3 0,353 1,40 0,646 0,393

e ZnO solar cell modified with 3% Al,Os.

In this case, the ZnO cell modified with 3% Al,Os, the average efficiency is 0.392%, the
open circuit voltages range from 0.620 to 0.646 V, and the current densities range from
1.40 to 1.50 mA/cm? (see Figure 15 and table 4).

-V CURVE
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Current (mA)
|
1
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Fig. 15 1-V curve of three ZnO solar cells with 3% Al.Os.

Table 4. Efficiency of 3 ZnO solar cells with 3% Al,O3
(n=0.392; §=0.003).
Zn0O n JSC Voc FF
(efficiency) | (mA/cm?) | (V)
%

Cell 1 0,395 1,07 0,640 0,576
Cell 2 0,388 0,95 0,680 0,600
Cell 3 0,392 1,01 0,659 0,588

Table 5 shows the average efficiencies with their respective standard deviations of the cells
with their Al>Os; percentages.

Table 5. Efficiencies of ZnO solar cells with different percentages of Al203.

% AL203. n )
(efficiency)
%
0% 0,330 0,013
1% 0,359 0,006
2% 0,392 0,003

Open Circuit Decay Voltage (OCVD)
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It can be seen from figure 16 that when Al.Os is added to the working electrode (ZnO) the
voltages do not have slopes as steep as the blank ZnO.

Decay Voltage
S
g AN
§ k—
Time (s)

Fig. 16 Open circuit decay voltage with different Al,O3z percentages.
Photon to current conversion efficiency (IPCE).

The equipment used is a 300W Xenon-Ozone Free lamp coupled to a Cornerstone 260
monochromator (Oriel Quantum Efficiency Measurement Kit). From Figure 17 it can be
seen that there is a maximum quantum efficiency at approximately 520nm, both in the
unmodified and modified electrode. It is worth mentioning that the curves do not differ in
their percentages of quantum efficiency.

X

IPCE (%)
f

100

A (nm)
Fig. 17 IPCE of solar cells with various percentages of AlOs.

Fourier Transform Infrared Spectroscopy (FTIR).

This characterization was carried out at the Center for the Development of Advanced
Materials and Nanotechnology of the National University of Engineering, the equipment
used is Thermo Fisher FTIR Spectrometers. With this characterization it is possible to
determine the different chemical structures of the molecules, when IR radiation passes
through a sample, said sample absorbs part of the radiation and the other part transmits it.
Each chemical structure has its own spectral fingerprint. And through this characterization
we can locate in the IR spectrum the OH groups whose assigned range is 3500-4000 cm™?,
as well as the carbonate groups (CO2 in the environment) as shown in figure 18. It is also
necessary to mention that metallic oxides (M-O-M) are located in the 470 -1000 cm* band;
ZnO is found in that band (526 cm™) as shown in figure 5.8; a small band is also shown at
710 cm due to Al-O bonding. Regarding the functional groups of dye N719 as thiocyanate
carboxylates, it is known that the thiocyanate ligand (-NCS) is found at 1728, 1610 and
1378 cm™,
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Fig. 18 FTIR of ZnO with various percentages of Al,Os.

Electrochemical Impedance Spectroscopy (EIS).
e Data representation by Z view.

The data obtained below was modeled using the Zview2 program (version 2.8d, Scribner
Associates, Incel). This program provides us with the Nyquist diagram and the Bode
diagram. The graphs of the impedances of 3 types of solar cells that differ according to the
percentage of added Al,Os with respect to the weight of ZnO are observed.

Figure 19 shows the impedance spectra of the cells, where it can be seen that they all
consist of a semicircle (Nyquist diagram). Impedance as a function of frequency and phase
offset as a function of frequency (Bode plot) are also shown.

121

Fig. 19 Spectrum of the impedance of the solar cell (ZnO sensitized with N719) under
a simulation of solar radiation (100 mW/cm?) with different percentages of Al,Oz: ZnO
(red); 1% AIl,Os (blue); 3% Al-O; (green) and 4% Al,Os (yellow) accompanied by the
impedance (Z) and the angle 6 as a function of frequency.

In the following Figure 20 the spectra of the same solar cells have been obtained, but in the
dark.
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F oo Lo e

Fig. 20 Spectrum of the impedance of the solar cell (ZnO sensitized with N719) in the dark,
with different percentages of Al203: ZnO (Red); 1% AI203 (Blue); 2% AI203 (Green)
and 4% AI203 (yellow) accompanied by the graph of the impedance (Z) and the angle 6
as a function of frequency.

It is necessary to mention that the data obtained in testing cells subjected to average
potentials, is analyzed and adjusted by the Zview program. This program provides the
values of the capacitor Cu (CPE-T with its respective correction constant CPE-P, the which
is known as the coefficient of ideality n). Therefore, the real capacitor, Cu=CPE-T (jw)“"&
P18].

As can be seen in Figures 21-23, there are two semicircles (Z1 and Z2) in all the cells and
the third semicircle does not appear, that is, the impedance at low frequencies (Z3) is not
observed, which corresponds to the Warburg element, corresponding to the diffusion of
ions in the electrolyte.

The following shows the impedance graphs using the EIS:

\\\
\q
\\-—‘
Reene R# rec
AN -
-~ } r// \ \__\\
\\h

Fig. 21 Impedance spectrum of the ZnO solar cell (white) sensitized with N719, the data
(blue) coincide with those provided by the Zview program settings (green).

In the modeled circuits of the ZnO-based solar cell, a series resistance called Rs is observed,
which is represented in the graphs as the horizontal displacement of the spectrum with
respect to the origin of coordinates.
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The low frequency semicircle (Z1) is the result of the parallel association of the capacitance
(Cey) with the charge transfer resistance in the platinized counter electrode.

Fig. 22 Impedance spectrum of the ZnO solar cell with 1% Al203 sensitized with N719.
Data obtained (red) and data adjusted by the Zview program (green).
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Fig. 23 Spectrum of the ZnO solar céll with 3% Al203 sensitized with N719. Data obtained
(red) and data adjusted by the Zview program (green).

The Zview program provides us with approximate values of the elements of the internal
impedance of the cells, such as Rtc (electrode resistance), Rrec (recombination resistance)
and Cu (electrochemical capacitance), which allows us to find the lifetime of the cell
electron () and transport time (twans). The data found is shown in Table 6.

Table 6. Parameter results of ZnO-based solar cells sensitized with N719 dye with
different weights of Al,03
% Rtr | Rrec | F CUu|a Tn Ttrans
ALOs| Q | Q Hz | pF (ms) | (ms)
0% |150|371 | 0,23 |53 |0,71[196 |79
1% |195[305 |0,21|56 |0,75|17,0 10,9
2% |145)1371 [0,19 |61 | 0,71 ]226 |88

Discussion

The ZnO solar cell modified with aluminum salt produces a better efficiency (n= 0.390%)
when mixed with 3% Al>Os. And it also depends on the anion of the salt that was used, in
this work Al (NOs)s was used, it was tested with AICIs, but the results in efficiency were
not as expected. The short circuit current also suffers a small increase from 1.02 to 1.07
mA when adding Al>Os. The open circuit voltage Voc also had a small variation, from 0.63
to 0.65 V. The half-life of the electron () was also increased according to Table 5.6. It
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can also be seen that when modified with 3% Al,Os the r, = 22.6 ms, achieving a small
increase of 3ms with respect to the unmodified ZnO (r, =19.6 ms) and this allows the
electron to have more travel before recombination.

Conclusion

To conclude, ZnO was obtained at low temperatures through the sol-gel process, it was
possible to improve the efficiency of the cell based on ZnO by incorporating Al.O3; (3%)
to a maximum of 0.39%, achieving an improvement of 18% with respect to the unmodified
ZnO solar cell. It is worth mentioning that a higher percentage increase of Al.Os; does not
increase the efficiency of the cell, because in the impedance analysis it was noted that the
resistance Rrec is reduced, producing recombination with the electrolyte and therefore a
reduction in efficiency. On the other hand, in the electrochemical impedance analysis it was
shown that the solar cell has a capacitive behavior like a capacitor presenting leaks. The
recombination of the electron with the triiodide (ZnO/Dye/electrolyte interface) has the
leakage behavior of a capacitor. In such analysis, to improve the cell efficiency, the
resistance of the porous structure (Ry) should always be less than the recombination
resistance (Rr) and also the resistance of the TCO (Ryco) should be less than Rye. It is
important to mention that the degradation of the electrolyte negatively influences the
performance of the cell. Regarding the morphological analysis of the electrode, it was
possible to verify that the grains had the shape of a nanorod and that their sizes are
determined by the concentrations of TEA (triethanolamine). The higher the concentration
of TEA, the grain size is reduced and vice versa. Through the SEM it was determined that
the size of the ZnO grains varies from 50 to 200 nm. It is also necessary to specify that the
XRD did not directly detect the Al.Os; due to the minimum percentage that was added to
the working electrode, however, with the EDS the aluminum element could be observed.
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