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5.1. Fabrication of Dye Sensitized Solar Cell and its

characterization

The focus of this work is to explore the performance of photo anode materials in
increasing the power conversion efficiency of dye sensitized solar cells by minimizing
the recombination rate using barrier layer between photoelectrode and dye, as
recombination is a problem that exists in DSSC and causes a loss of photogenerated

electrons [1].

Zn0O, TiO,, Ce0O,, CdS, CuO, and ZrO; were synthesized for being used as
photoanode and barrier layers. Another set of materials namely TiO., TiO»- ZrO> and Eu
doped Ti0,-ZrO, was synthesized for being used as photoanode. Cells with layer of either
single material or multiple layers of different materials were prepared, using glass as
substrate. The placement of the layers was based on the energy level values of their
Lowest Unoccupied Molecular Orbital (LUMO) [2]. The layers were applied by the

“Doctor Blade” method, to keep it simple, less time consuming and cost effective [3-4].

Preparation of Working electrode:

Fluorine doped Tin Oxide (FTO) coated glass substrate with surface resistivity of
15 Q/sq. transmittance 80% and 2.2mm thickness were purchased from TECHINSTRO
INSTRUMENTS, to be used as the base for photoanode, which is also called simply
anode or working electrode. Single or multiple layers of different materials, as mentioned

above, was coated on the anode.

The synthesized samples of ZnO, TiO,, CeO,, CdS, CuO, ZrO,, TiOz- ZrO; and
Eu doped TiO»-ZrO»obtained as powders were further grinded in an agate mortar pastel
with dilute acetic acid for one hour to prepare a paste. Triton X 100 was added to make
the paste uniform and well dispersed. This paste was coated on the FTO coated glass
substrate using doctor blade technique to make a layer. 3M scotch tape was used as a
spacer to fix the size of applied layer at 1.2 cm X 1.2 cm. The film was dried in air at

room temperature and then sintered for 30 min at 450° C.
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Dye Fixation on Working Electrode:

Ruthenium based synthetic dye is most efficient and widely used for DSSC
application as it has a high absorption coefficient across the solar spectrum. Apart from
this, other synthetic dye like Rhodamine is also used. However, these dyes are costly.
Hence, other alternatives need to be explored. One of the objectives of this work being
cost effective and environment friendly approach, plant-based Anthocyanin dye,
extracted from natural source pomegranate has been used as an alternative [5-7]. The
working electrode was immersed in this dye for 18hours and kept in a dark place for the
dye to be adsorbed on the surface of material properly. The electrode was then allowed

to dry naturally and washed with isopropanol to remove the residual on-adsorbed dye.

Preparation of Electrolyte Solution:

Generally, the electrolyte solution contains I7/I3” redox ions [8], which provides
the path for electron to flow from counter electrode to working electrode. In the present
work, Potassium lodide (KI) based electrolyte solution was prepared by dissolving 0.127
gm of lodine (I2) in 10 ml of Ethelyn Glycol solution. 0.83 gm of KI was mixed in above
solution and stirred well for few minutes. The prepared solution was stored in a dark place

to be used as electrolyte.

Preparation of Counter electrode:

Platinum is most efficient and commonly used counter electrode material but as
it is expensive other alternatives need to be investigated [9]. One of the alternatives can
be the use of carbon-based materials. However, it may lead to a decrease in the efficiency
of DSSC. Graphite, graphene or carbon coated FTO is also used as a counter electrode.

In the present work, a thin layer was coated on FTO using graphite pencil.

Assembling of DSSC:

The working and counter electrodes were fixed together to prepare the cell. A thin
film of polyethylene was placed at the edges between the two electrodes to provide
insulation between them. Both the electrodes were sandwiched together by binder clips.
The electrolyte solution was introduced between two electrodes through capillary force.
The fabrication assembly is shown in figure 1.
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Figure 1: Fabrication process of dye sensitized solar cell.

The I-V characteristics of the cells were measured with a fixed load under
illumination. For illumination, white LED bulb of 10 W was used. For measuring current
and voltage, a Keithley source meter model 4200 was used. For these measurements, an
assembly which can hold the solar cell with contact arrangements was prepared. The

setup for efficiency measurements and contact arrangements are shown in figure 2.

= TERERRE

Figure 2: (a) I-V characteristic set up, (b) contact arrangement.
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Parameters to be measured:

Short circuit current: Isc =1 (atV=0)

For an ideal cell, Isc is the maximum current or total current produced in the solar cell by

photon excitation.
Open Circuit Voltage: Voc=V (at1=0)

Open circuit voltage occurs when there is no current passing through the cell. Voc is also

the maximum voltage difference across the cell.

Maximum Power: Pnax = Imax X Vimax
Maximum power produced by cell can be calculated from I-V curve.
Power Density: P =]V

The power density of the cell is given by the product of photocurrent density at short

circuit (J = Is./surface area of the cell) and voltage (V).

Fill Factor: FF = max XVmax
Jsc X Voc

The fill factor is the ratio of the maximum obtainable power to theoretical power. When

the fill factor value is close to 1, it can be considered as an efficient cell.

_ ]SC XVOC XFF

Power Conversion Efficiency: n =
in

where Pi, = Input power (power of light source)
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5.2. Performance of Dye Sensitized Solar Cell fabricated using

single layer of different material

Dye sensitized solar cell using the prepared material (ZnO, TiO2, CeO,, CdS, CuO
and ZrO,) were fabricated using the procedure mentioned above. The film was applied
using doctor blade method. The significant parameters that affect the efficiency of DSSC
like physiochemical and structural properties of material, porosity of the material, particle
size of material, precise area, thickness and uniformity of the film are difficult to control
during fabrication process. An attempt was made to maintain the uniformity of the paste
by taking the same amount of material for grinding, maintaining the same time interval
of grinding and using the same amount of surfactant for each cell. All other parameters

like type of dye, dye adsorption time, amount of electrolyte solution, etc. was fixed.
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Figure 3. I-V curves of DSSC prepared using single layer.
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Table 1: Efficiency parameters of DSSCs prepared using different material.

Thickness
(qum)
Zno 10.45 1.44 710 0445 039 2.46
TiO; 11.34 1.44 712 0478 041 | 2.77
CeO; 11.56 1.44 510 0367 024  0.89
Cds 10.78 1.44 471 0362 023 0.76
CuO 10.98 1.44 362 0356 0.14
Zr0; 11.34 1.44 3.92 0345 024 0.63

I-V characteristic curves of fabricated cells having a single layer of different
material are shown in Figure 3. Other parameters of the cells are given in Table 1. The
efficiency of the DSSC can vary significantly depending on the specific materials used
as photoelectrode. The table shows the efficiency of these cells varying from 0.35% to
2.77 %. Highest efficiency has been observed for the cell prepared with TiO; layer and
lowest efficiency has been observed for CuO layer. This is a substantial variation which
can be attributed to various factors including light absorption, electron transport, charge

recombination and the performance of the dye.

ZnO and TiO; are widely used as active materials for solar cells due to their
excellent electron transport properties and bandgap that allow for efficient electron
injection from the dye to the active material [10]. In the present case, ZnO based cell
exhibits slightly lower efficiency compared to TiO». It is significant to mention here that
the crystallite size of ZnO at 23.94 nm is higher than that found for TiO», which is 12.68
nm. Smaller crystallite size can result into larger surface area facilitating a higher amount
of dye loading capacity. This would consequently generate more photoelectrons [11]. The

values of crystallite size are given in Chapter 4.

The I-V characteristic curves of cells also reflect and corroborate the better
performance of cells with ZnO and TiO: layers as active materials. Both these cells

exhibit good photovoltaic characteristics while the cells with single layer of CeO», CdS,
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ZrO; and CuO show flat characteristics like ordinary resistance. This resistor like
behaviour indicates poor generation of photoelectrons or inefficient transport of

photogenerated electrons.

Cells prepared using single layers of CeO., CdS, ZrO; and CuO show poor
efficiencies of less than 1%. Although their crystallite size is on the lower side, it has
been reported in the literature that CeO, CdS, CuO and ZrO; have low dye loading
capacity compared to ZnO and TiO; [12,13]. This points out to poor adsorption, which in

turn would result into lower photoelectron production.

Efficient electron transport is crucial for the rapid transfer of charges to the
electrode, thus minimizing recombination losses and producing a higher photocurrent. In
the approach under consideration the LUMO levels of CeOz, CdS, CuO and ZrO; are
closer to the LUMO level of the dye compared to FTO plate as shown in figure 4. The
photogenerated electrons switching from LUMO level of dye to material have a
reasonable chance of recombination with the hole in LUMO level of dye or going back
to the valence band of the active material before reaching the FTO layer of the working
electrode. This would eventually reduce the efficiency of charge collection and lower the
overall power conversion efficiency [14]. The recombination can be checked by
introduction of barrier layers. This work attempts to explore the performance of cells with

a single or multiple barrier layer.
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Figure 4: LUMO energy levels of different materials.
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5.3. Performance of Dye Sensitized Solar Cell fabricated with
two layers of different material (One as active material and

other barrier layer)

As the purpose of present work is to increase the efficiency of DSSC by reducing
recombination, a barrier layer of another material was deposited on working electrode. A
comparison of energy levels of the synthesized materials makes it clear that ZnO has a
LUMO level nearest to the FTO followed by TiO,, CeO,,CdS, CuO and ZrO; in that
order [12]. Hence, a layer of ZnO was first deposited on the FTO substrate as active
material, making it the part of the working electrode, which is common for all the cells.
This was followed by applying a layer of another material to act as the barrier layer for
inhibiting recombination. Four cells were prepared for each material of barrier layer with

different thickness. The I — V characteristics of these cells were recorded.
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Figure 5. I-V curves of DSSC prepared using ZnO+TiO; layer.
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Table 2: Efficiency parameters of DSSCs prepared using ZnO+TiO> electrode.

Thickness

Thickness . Area Jsc Voc
Sample of ZnO of TiO; Cm?  mA/cm? v FF
(pm)
4.86 1.44 4.49 0.513 | 0.21 | 0.94
11.01 1.44 5.17 0.682 | 0.27 | 1.89
ZnO + TiO; ~2.4 um
12.96 1.44 8.64 0.667 | 0.34 |3.90
19.80 1.44 6.64 0.678 | 0.30 | 2.64
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Figure 6. -V curves of DSSC prepared using ZnO+CeO> double layer.
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Table 3: Efficiency parameters of DSSCs prepared using ZnO+CeOxelectrode.

Thickness
Thickness Area Jsc Voc
Sample ofZno  °1C0 o masem?| v FF
(nm)
3.24 1.44 7.09 0421 039 |2.32
7.56 1.44 7.27 0.671 | 0.36 | 3.41
ZnO + CeO2 | ~2.4 um
11.34 1.44 8.34 0.689 | 0.37 | 4.25
13.45 1.44 6.41 0.454 | 0.36 |2.07
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Figure 7. I-V curves of DSSC prepared using ZnO + CdS double layer.
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Table 4: Efficiency parameters of DSSCs prepared using ZnO + CdS electrode.

Sambple Thickness  Thickness Area Jsc VYoc FF
P of ZnO of CdS(um) Cm? mA/cm? V
4.23 1.44 6.65 0.73 0.41 |3.90
8.23 1.44 8.18 0.768 | 0.36 | 4.54
ZnO + CdS ~2.4 um
12.56 1.44 1240 |0.630| 0.37 | 5.68
15.89 1.44 12.04 |0.634| 0.30 |4.55
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Figure 8. I-V curves of DSSC prepared using ZnO + CuO double layer.
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Table 5: Efficiency parameters of DSSCs prepared using ZnO + CuO electrode.

Thickness Thickness | Area Jsc VYoc
Sample | " 6700  of CuO@m)| Cm* mAfem?| vV ¥
5.67 1.44 6.94 0.550 | 0.13 |0.94
8.12 1.44 6.48 0546 | 0.17 |1.21
ZnO+CuO | ~2.4pum
12.89 1.44 7.10 0.584 | 0.28 |2.29
17.45 1.44 4.47 0435 0.39 |1.49
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Figure 9. I-V curves of DSSC prepared using ZnO + ZrO; double layer.
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Table 6: Efficiency parameters of DSSCs prepared using ZnO + ZrQ:electrode.

Thickness
Thickness Area Jsc Voc
Sample of
of ZnO Cm?! mA/em?| V
ZrOz(pm)
3.78 1.44 4.71 0.665| 0.27 |1.70
791 1.44 4.56 0.687 | 0.28 |1.78
ZnO +Z7ZrO; | ~2.4um
12.81 1.44 5.33 0.678 | 0.29 | 2.07
18.23 1.44 5.26 0.676 | 0.26 | 1.82

The I-V characteristic curves of each of these set of cells are given in Figures 5
to 9, while Tables 2 to 6 enlist their efficiency parameters. The variation in efficiency of
the cells with thickness of the barrier layer can be seen in the tables. The maximum
efficiency of the sets varies from 2.07% for ZnO + ZrO,combination to 5.68 %for ZnO

+ CdS combination.

Notably, the highest efficiency recoded is 5.68%, for DSSC prepared with ZnO
and CdS. The efficiency of DSSCs is influenced by multiple factors, among which the
materials employed in their construction play a crucial role. TiO,, CeO», CdS, ZrO,, CuO
and ZnO are commonly explored materials in DSSCs, and their combined use can
positively impact the overall efficiency [15, 16]. Utilizing two layers in a DSSC yields

higher efficiency compared to using a single layer material alone.

Layers with different material have different transport properties. Combining
these materials and creating heterojunction between them, can facilitate more efficient
electron transfer [17]. This reduces the chances of charge recombination, where electron
and holes recombine before reaching the external circuit. As shown in the figure 4, the
alignment of energy levels between conduction band and valence band between different
materials leads to a gradient which can result into effective charge separation and

transport.

The crystallite size of the material used for bi-layer coating of photoelectrode

plays a significant role in influencing the efficiency of Dye-Sensitized Solar Cells
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(DSSCs) [18]. The average crystallite size of materials used is between 23.94 nm and
12.68 nm. Particle size of two different layers deposited on photoelectrode is different
than each other but still in nanometres. Smaller crystallites typically provide a larger
surface area. This increased surface area enhances the contact interface between the
semiconductor material and the dye molecules, promoting more efficient dye absorption
and consequently better light absorption. Smaller crystallites can also provide better
penetration into the porous structure of the electrode, ensuring a more intimate contact
between the semiconductor material and the conducting substrate[19]. This improved
contact can enhance charge collection efficiency. Besides, the different crystallite size
can lead to a more efficient packing structure within the semiconductor layer. This
optimized packing can improve electron percolation pathways and reduce the likelihood

of charge carriers getting trapped [20, 21].

The refractive index of prepared material lies in the range from 2.03 to 3.04,
which is on the higher side. High refractive index materials can extend the path length of
photons within the semiconductor layer [22]. This prolonged interaction between light
and the semiconductor increases the likelihood of photon absorption, leading to a more
efficient utilization of sunlight for energy conversion. Hence, higher refractive index can

lead to improved efficiency of DSSC.

The cells prepared using ZnO + ZrO2 and ZnO + CuO combinations show very
less efficiency than the cells prepared using single ZnO layer [23]. This might be due the
alignment of energy levels. As shown in figure 4 the conduction band of dye, ZrO; and
CuO are very close to each other compare to ZnO [12]. Hence, there is a higher chance
of excited electrons to recombine from conduction band of dye to the valence band of

dye, ZrO; or CuO, rather than moving to ZnO and FTO.
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5.4. Performance of Dye Sensitized Solar Cell fabricated with

three layers of different material (One as active material and

two barrier layers)

Current Density (mA/cmz)

%)

Current Density (mA/cm

Current Density (mA/cmz)

2 ZnO/TiO /CeO,
LD
8 .\'\. ~
\l\. o~
] -
7 A
. s
u
6+ l.'.
9 U, =10.03 mAlcm’ ™,
) V, =634mV
] FF =043
1 n =534%
T ‘ I x T ¥ T K I ¥ T 3 T v
250 300 350 400 450 500 550 600
Voltage (mV)
9 ZnO/Ti0 /CuO
l\.\.\.
8- - -~
~n, ~
l\.\. E
L k)
7 N <
" g
6 x 4
k" :
54 Jg, =10.26 mAicm’ '.1,. a
=
) V, =678 mV Y :
i FF =047 . 8
n =642% \
3
T LN T R | ~ | L O U
250 300 350 400 450 500 S50 600 65O
Voltage (mV)
9
] Zn0/Ce0,/CdS
84 "1\.
‘l.. -~
- &
'*I\.\. E
" " <
., g
e =
6 .'-l é
Y
Jg, =10.18 mA/cm’ "'-. =
& =
54 V, =645 mV :
FF =0.42 5
4 n =544%
I 1 I | I
200 300 400 500 600
Voltage (mV)

Current Density (mA/cm

Ly ZnO/Ti0 /CdS
", A
63 Sy
I\.\.
604 .y
I\.\.
554 ‘ll\.
J L
]
50 l..
o] bt
Jg, =9.95 mAlcm’ \
40 V, =657 mV
354 FF =0.35
n =449%
304
1 L 1 N I .} 1 ' 1
200 300 400 500 600
Voltage (mV)
1
L InO/TiO /ZrO
104 "k-‘_._.‘. ) )
\.\"--l\
94 &
I\!
8 ]
N,
74 L
| |
n
iz J. =12.28 mAlem’ .
s =12.28 mAjcm )
o V, =649 mV |"
FF =0.47
4 n =743%
34 [ ]
X T T T T L T % T L T |
350300 350 400 450 500 S50 600
Voltage (mV)
1
T Zn0/Ce0 /CuO
T R BTN 2
L'\I\._.
-,
9 '\.
\..
8§
\__
. L]
s %
6 J.. =11.42mAlcm H
sc %
) V. =639mV I
FF =045
4 n =6.44%
3 T y T X T y T w T X _ T
200 250 300 350 400 450
Voltage (mV)




Ch.5 Fabrication of Dye Sensitized Solar Cell and Its Characterization

i Zn0/Ce0,/Zr0, B ZnO/CdS/CuO
L2
ll~.\.\.‘.~ " l\.\.\
A i S - & ."\.
E 1o "l\\ g .
< = T,
E e g "
e “ Z u1 .
: R
a 2 & - 2 |
& Jg. =13.43 mAlcm 2 Jgo =18.05 mAicm
= =
E ¢ V,. =657 mV l-‘ £ 4l vV, =657 mV
5 FF =0.49 3 FF =0.51
\ n =8.54% 6 n =9.93%
T » I & 1 ¥ T » 1 . I ¥ T . 1 4 T v | 5 T . 1 g T L 1 L I ]
250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550
Voltage (mV) Voltage (mV)
14 8
ZnO/CdS/Zr0, ] ZnO/Cu0/ZrO0,
LI
] i .\'\'\
NA | \. NA I\.\.\
\E \L.\ E 6 .\.\l
E 10 .\.]\ E \-“l\.
= ~ h N
P - b s .,
Y <9
2 J,, =14.89 mAlcm’ - J,, =9.26 mAlcm’
@ - 5 =
5 V,. =634mv £ V, =623mV
5 FF =0.48 o 5 FF =0.39
n =899% ] n =439%
44
24
T T T T T T T T T

T T . — — T —
300 400 500 600 700 200 250 300 350 400 450 500 550
Voltage (mV) Voltage (mV)

Figure 10. I-V curves of DSSC prepared using three different layers.

Since, utilizing two layers in a DSSC yields higher efficiency compared to using
a single layer material alone, it is logical to explore the performance of DSSC with three
layers, one as active material and two as barrier layers with varying LUMO energy levels
[24-26]. The dual layers were deposited onto the ZnO-coated electrode, with their
selection based on the LUMO energy levels depicted in Figure 4. The combined thickness
of the three coating layers was kept at approximately 12 pm, a value determined to be
optimal based on earlier investigations of cells fabricated for the study. In total 10 solar
cells with different combinations were prepared and their I-V characteristics were

studied.

Figure 10 shows the I-V characteristics of prepared cells. The photovoltaic
properties are given in table 7. The nature of I-V curves show good photovoltaic
characteristics. It is visible that the efficiencies of the cells increased on incorporation of
the additional barrier layer.
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Table 7: Efficiency parameters of DSSCs prepared using three different layers.

Thickness | Area Jsc Voc FF
(um) Cm? mA/cm? \Y%

ZnO / TiO2/ CeO, 11.89 1.44 | 10.03472 | 0.634 | 0.42817 | 5.34
ZnO / TiO /CdS 12.13 1.44 | 9.95833 | 0.657 | 0.34977 | 4.49
ZnO / TiO2 / CuO 11.98 1.44 | 10.26389 | 0.678 | 0.47052 | 6.42
ZnO / TiO2 / ZrO; 12.78 1.44 | 12.27778 | 0.649 | 0.47547 | 7.43
ZnO / CeO,/ CdS 12.89 1.44 10.1875 | 0.645 | 0.42213 | 5.44
ZnO / CeOy/ CuO 12.45 1.44 | 11.42361 | 0.639 | 0.45005 | 6.44
ZnO / CeOs/ ZrO» 11.67 1.44 | 13.43056 | 0.657 | 0.49357 | 8.54
ZnO/ CdS/CuO 12.24 1.44 18.05 0.657 0.51 9.93
ZnO / CdS / ZrO» 12.01 1.44 14.89 0.634 | 0.48564 | 8.99
ZnO / CuO/ ZrO, 13.45 1.44 9.26 0.623 0.39 4.39

The Dye-Sensitized Solar Cell (DSSC) with a ZnO/CdS/CuO photoelectrode
exhibited the highest efficiency at 9.93%, while the lowest efficiency of 4.39% was
observed for the DSSC with a ZnO/ZrO,/CuO photoelectrode. The enhancement in
efficiency can be attributed to the introduction of two barriers that effectively inhibit
recombination[27]. Proper alignment of energy bands between adjacent layers is crucial
for efficient charge transfer and reduced recombination. As mentioned in the energy band
diagram (figure 4), the conduction band alignment of CuO, CdS and ZnO forms a step-
like nature. This step-like configuration facilitates a gradient, which leads to smooth and
rapid transfer of electrons, further inhibiting recombination and promoting efficient
charge transport. This can result in improved charge carrier mobility, reducing the

chances of recombination and enhancing the overall efficiency of electron collection [28].

As the bandgap of material used for tri layer coating covers a wide range in the
solar spectrum, it likely provides a broader absorption range [29, 30]. This allows for
better utilization of a wider range of solar wavelengths, leading to increased light
absorption and consequently improves efficiency.
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Figure 11. I-V curves of DSSC prepared using multi-layered electrode

104




Ch.5 Fabrication of Dye Sensitized Solar Cell and Its Characterization

Table 8: Efficiency parameters of DSSCs prepared using multi-layered electrode

Thickness Area Jsc Voc FF 1%

(um) Cm? mA/cm? \Y%
Zn0 / TiO2/ CeO2/ CdS 18.23 1.44 5.33 0.365 0.225 0.86

Zn0O / TiOz/ CeOz/ CuO 19.67 1.44 5.11 0368 0.20 0.76
Zn0O / TiO2/ CeO2/ ZrO: 19.45 1.44 4.85 0387 0.19 0.71

ZnO/TiO2/ Ce02/ CAS/ 7 56 1.44 477 0567 0.13  0.69

CuO
Zn0O / TiO2/ CeO2/ CdS / 13 1 44 471 0478 014 0.4
Zl‘Oz
Zn0 / TiO2/ CeO2/ CdS /
CuO/ 71O, 23.45 1.44 4.73 0456 0.11 047

The utilization of a tri-layered approach in DSSC enhanced its performance. This
suggests the effectiveness of barrier layers in enhancing the efficiency, the most likely
reason for which is the inhibition of the recombination process. Consequently and
logically, an effort was undertaken to fabricate a multi-layered photoelectrode for DSSC,
with subsequent analysis of its efficiency parameters [31]. The choice of the depositing
layer on the ZnO electrode was determined by arranging materials in ascending order of
their LUMO energy levels. This arrangement creates a step-like structure, facilitating a

pathway for the electron transport process, utilizing the LUMO gradient.

Figure 11 illustrates the I-V curves for cells fabricated using multiple barrier
layers. The curves exhibit a resistor-like nature, indicating a higher resistance within the
cells and therefore, a reduced generation of photocurrent. This observation is consistent
with the parameters given in Table 8, which show a significant decrease in efficiency. As
the film thickness increases due to the addition of extra layers, the efficiency declines.
The increased film thickness may lead to electrons being trapped within the film,
impeding their journey to the conducting plate. The higher film thickness introduces
elevated resistance, hindering the flow of electrons [32]. The highest efficiency observed

for multi-layered DSSC is 0.86 %.

Adding multiple layers to the structure can introduce additional interfaces
between materials. These interfaces may result in increased resistance and can hinder the
efficient flow of electrons, leading to losses and decreased overall efficiency. The

presence of multiple interfaces may provide additional centres for electron-hole
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recombination. If the interfaces are not well-engineered to minimize recombination, it
can result in a decrease in the number of electrons reaching the external circuit. The
introduction of multiple layers often adds thickness to the electrode. While some layers
may contribute positively to charge separation and transport, excessive thickness can lead
to longer diffusion lengths for charge carriers, potentially increasing recombination losses
as well as increasing the resistive path. The fabrication process for multilayer electrodes
can be complex, and achieving uniformity and quality across all layers is challenging.
Inconsistencies or defects in the layers can negatively impact the overall performance of

the DSSC [33].
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5.6. Analysis of performance of cells on the basis of resistive

parameters:

One of the key factors influencing the overall power conversion efficiency of Dye-
Sensitized Solar Cells (DSSCs) is the resistance within the solar cell itself. This resistance
can manifest in two distinct forms namely series and shunt resistance, each impacting
efficiency for different reasons. These resistances can be calculated from the I-V

characteristic curve of the cells [34].
1) Series resistance:

The series resistance results from the sheet resistance of transparent conductive oxide
(TCO), the resistance due to improper ionic diffusion in electrolyte, resistance of contacts
and the resistance at the interface of counter electrode and electrolyte are the elements
responsible for series resistance of DSSC. Ideally series resistance would be zero. Series

resistance can be estimated by the slope near the point of Voc on the I-V curve.
2) Shunt Resistance:

Shunt resistance is caused by leakage current through the cell due to impurities or
defects in the manufacturing process. Ideally shunt resistance in infinite which means
that no additional current path exists. A lower shunt resistance would also lead to a
smaller open circuit voltage. Shunt resistance can be calculated by the inverse of slope

near the point of short circuit current Isc on the I - V curve.

Hence, the efficiency of dye-sensitized solar cells (DSSCs) is also intricately tied
to other parameters, including series resistance (Rs), shunt resistance (Rsh), open-circuit
voltage (Voc) and short circuit current (Isc). They are related to recombination as well,
which is the factor on which this work is focussed. Optimizing these parameters is

essential for enhancing the overall performance of DSSCs.

Carrier recombination and current leakage also leads to resistive losses. These
resistive losses are due to series resistance and shunt resistance respectively. Thus, carrier
recombination and current leakage limit the performance of DSSCs. The losses are also
reflected in the -V curve. The combined resistance on account of materials, electrodes,
contacts and interface barriers in photo voltaic cells is commonly referred to as "internal

107




Ch.5 Fabrication of Dye Sensitized Solar Cell and Its Characterization

resistance" (R;) [35,36]. The active layers as well as the supporting layers also contribute
to the electrical losses. The series resistance (Rs) lowers J,. and thus affects the fill factor
and photo conversion efficiency significantly, although the effect on V,.is minimal.
Previous studies have shown that increasing Ry causes a decrease in Jy. but has no effect
on Vo in a solar cell. The shunt resistance (R:) is dependent on the device architecture.
The factors include charge recombination mechanisms broadly termed as edge effects
which result into losses due to active layer pinholes and recombination [36,37].
Low shunt resistance (Ry;) causes a loss in photo voltage. It also impacts the collection
of photocurrent, although to a much lesser extent. This suggests the minimizing of series
resistance (Rs) and maximizing of shunt resistance (Rsh) as desirable factors. Hence,
structural optimization needs to be undertaken by studying the series and shunt

resistances of the fabricated cells.

The method of calculation of series and shunt resistance from I-V graph is given below.

I Rshunt= Inverse of the slope RShU’“ = Maximum

sc R.eries = Minimum
25 4

20

1(uA)

Current

Voltage Vi b
V.

ocC

Figure 12: Graphical method for finding Rs and Rsh.
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e ———————————

Figure 13: Schematic circuit diagram for Rs and Rsh.

Table 9: Resistance of cells with single layer.

Thickness Ren

(um) )
Zno 1045 9538 1776  2.46
TiO; .34 18636 11.76 | 2.77
CeO; 156 16000 17168 0.89
Cds 1078 11478 8336 0.76
CuO 1098 978 9667
7r0; 1134 26528 17533 0.63

Table 10: Resistance of cells with two layers (ZnO+TiO,)

Thickness

Thickness . Rsn Rs n
Sample of TiO:

of ZnO (@) Y

(m) (9)] €2) 0
4.86 211.00 | 28.95 | 0.94
11.01 219.83 | 59.89 | 1.89

ZnO + TiO: ~2.4 um

12.96 169.08 | 25.54 | 3.90
19.80 221.17 | 25.61 | 2.64
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Table 11: Resistance of cells with two layers (ZnO + CeQ»)

Sample

Thickness
(WA 10)

ZnO + CeO

~2.4 pm

Thickness R
of CeO S;
(um) €?)
3.24 172.76 | 5.40 | 2.32
7.56 159.88 | 4.29 | 3.41
11.34 339.39 | 11.31 | 4.25
13.45 108.30 | 20.72 | 2.07

Table 12: Resistance of cells with two layers (ZnO + CdS)

Sample

ZnO + CdS

Thickness
of ZnO

~2.4 pm

Thickness Rsn Rs n
of CdS(pum) (9)) «@ %
423 161.88 |30.25 | 3.90
8.23 295.77 | 89.56 | 4.54
12.56 151.62 | 19.84 | 5.68
15.89 64.62 | 11.19 | 4.55

Table 13: Resistance of cells with two layers (ZnO + CuO)

Sample

ZnO + CuO

Thickness
WA 10)

~2.4 pm

Thickness Rsn Rs n

of CuO(um) (Q) «Q %
5.67 170.80 | 29.41 | 0.94
8.12 9143 |27.25]1.21
12.89 110.19 | 23.34 | 2.29
17.45 159.03 | 27.08 | 1.49
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Table 14: Resistance of cells with two layers (ZnO + Zr0,)

Thickness Thickness Rsn Rs
Sample of ZnO of a
ZrOum)
3.78 315.18 | 13.79 | 1.70
7.91 450.15 | 39.85 | 1.78
ZnO +Z7ZrO; | ~2.4 um
12.81 293.45 | 47.46 | 2.07
18.23 42733 | 21.43 | 1.82

Table 15: Resistance of cells with three layers

Sl Thickness
(nm) (9)

ZnO / TiOz/ CeO2 11.89 84.01 12.16 | 5.34
ZnO / TiO2 /CdS 12.13 148.27 | 38.10 | 4.49
ZnO / TiO2 / CuO 11.98 222.69 | 14.02 | 6.42
ZnO / TiO: / ZrO; 12.78 163.97 8.44 | 7.43
ZnO / CeO,/ CdS 12.89 11937 | 29.17 | 5.44
ZnO / CeOz/ CuO 12.45 170.66 2.88 | 6.44
ZnO / Ce0s/ ZrO; 11.67 157.07 | 10.13 | 8.54
ZnO / CdS / CuO 12.24 38.37 6.52 | 9.93
ZnO / CdS / ZrO, 12.01 69.79 10.78 | 8.99
ZnO / CuO/ ZrO, 13.45 116.61 15.05 | 4.39
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Table 16: Resistance of cells with multiple layers

Thickness Rqn

(nm) €)
ZnO / TiO2/ CeOy/ CdS 1823 58631 58631  0.86
Zn0/ Ti0;/ Ce0;/ CuO 1967 6470 6470  0.76
Zn0/ TiO2/ Ce0,/ ZrO; 1945 11193 1193 071
ZnO/TiO2/ Ce02/ CdS/CuO 2256 12996 12996 0.69
ZnO/TiOy/ Ce0y/ CdS / ZrO; 2213 12102 121.02  0.64
Zn0 / Ti0:/ (Zjigz/ CAS/CuO/ 345 10816 10816  0.47

As mentioned above, the analysis of the cell’s performance can be done based on

series and shunt resistance.

For the cells with single layer, the highest efficiency was obtained for TiO; layer (Table
9). It has a low series resistance and high shunt resistance. This is followed by the cell
with ZnO layer, which also has low series resistance. Both TiO2 and ZnO have proven to
be good electrode materials due to their transport properties. The thickness of all the
layers is almost similar. The cell with minimum efficiency has moderate values of both

series as well as shunt resistance [38-40].

As mentioned above, the two layered cells, with one layer as electrode and the
other as barrier, were prepared in sets of four cells for each material combination by
varying the thickness of the barrier layer. The results corroborate the findings of earlier

studies, which suggest that the optimum thickness is around 12 um [41].

In case of Zno+TiO,, the highest efficiency was obtained for thickness of 12.96 um with
low series resistance and relatively high shunt resistance (Table 10). For a similar value
of series resistance but higher shunt resistance, the efficiency of another cell was lower.

The reason can be attributed to higher thickness (19.8 um ) [41].

For ZnO+CeOs», the cell with 11.34 um has a low series resistance and high shunt
resistance, giving maximum efficiency in the group (Table 11). The series resistances are
quite low for all the cells, while the shunt resistances vary widely.Hence the deciding

factor is likely to be the thickness of the barrier layer.
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The highest efficiency in the bi-layer cells was observed for the ZnO+CdS
combination. The cell with 12.56 pm thickness of CdS barrier layer gives a maximum
efficiency of 5.68 %. It has a low series resistance and high shunt resistance (Table 12).
The cell with 15.89 um thickness also gives reasonably good efficiency with a very low
series resistance. However a low shunt resistance in this case suggests higher leakage
current or fabrication defect. CdS also has a lower optical bandgap which can lead to

facilitation of better transport of electrons from dye to barrier layer to electrode.

The combination of ZnO+CuO gives the lowest efficiencies (Table 13). This is
also consistent with the result of the single layer cells, where CuO has the lowest
efficiency. The series resistance of all the cells in this combination are low while the
values of shunt resistance are moderate. However, the UV-Visible absorption
characteristics of CuO did not yield distinct absorbance peaks. Hence, the quality of the

sample is the most likely reason for the poor performance.

The combination of ZnO+ZrO; also yielded low values of efficiencies (Table 14).
Here also, the series resistance is on the lower side and shunt resistance high. However

the optical band gap of ZrO; is very high.

The three layer cells were prepared keeping in view the LUMO levels and hence,

the placement of cells was done accordingly. Results are given in Table 15.
ZnO was retained as the electrode layer as in earlier cases.

A. Four cells were prepared with TiO; as the first barrier layer, followed by CeOz,
CdS, CuO and ZrO; layers respectively.

B. Three cells were prepared with CeO as the first barrier layer, followed by CdS,
CuO and ZrO» layers respectively.

C. Two cells were prepared with CdS as the first barrier layer, followed by CuO and
ZrOs layers respectively.

D. One cell was prepared with CuO as the first barrier layer, followed ZrO,.
This completes the entire sequence.

In the category A, the combination of ZnO / TiO; / ZrO> gives the highest

efficiency of 7.43 %. The series resistance is quite low while the shunt resistance is
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higher. The combined thickness of the layers is 12.78 um. The combination of TiO> -
ZrO> with a predominant role of TiO; owing to its better transport properties, seems to be

the likely reason for its effective role as inhibitor of recombination.

In the category B, the combination of ZnO / CeO,/ ZrO; gives an efficiency of
8.54%. The series resistance here is also quite low, while the shunt resistance is on the

higher side. The thickness is 11.67 um.

The three layered cells in Category C give the best results, reinforcing the
effective role of CdS as a suitable material for barrier layer and its effectiveness as a
recombination inhibiting material. The ZnO / CdS / CuO combination gives an efficiency
0f'9.93 %, which is the highest obtained efficiency. The series resistance is lowest among

all cells of three layer combination[35][36][42].
The ZnO / CuO/ ZrO; combination fares quite poorly[36][37].

Since the three layer approach was found to yield higher efficiencies, an exercise was
undertaken to fabricate cells with multiple layers and investigate their performance. The
results are given in Table 16. There is a sharp decline in the efficiencies of the cells.
Although the series resistance in some cells are low, their shunt resistance is also on the
lower side, suggesting losses due to leakage current. The combined thickness of layers in

all these cells is quite high, which is not conducive for better performance.

Thus, optimum thickness and low series resistance emerge as the common factors
for better performance. The three layers (one electrode and two barrier layers) yields the

best results in terms of efficiency.
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5.7. Performance of cells fabricated using electrode layer of
composite material:

As evident from the above discussion, the three layer approach gives better
results. In this category, one of the combinations that yielded good efficiency is ZnO /
TiO, / ZrO,. Hence, a composite of TiO; and ZrO> was considered to be investigated as
a potential electrode or photoanode material. Since TiO; is widely used as the material
for photoanode, it was appropriate to use it as a reference material for comparison of
results. Ti as well as Zr are found to be in the +4 oxidation state in their respective oxides.
Besides they have similar ionic radii ( 0.069 nm and 0,072 nm ) respectively. This makes

them a widely studied composite material, often with rare earth dopants as activators.

In this study, three samples were synthesized for comparative study. TiO», undoped TiO-
- ZrO2 and Europium doped TiO; - ZrO;. Europium is one of the most suitable activator
and has excellent excitation as well as emission characteristics in the UV — Visible region.
It can manifest in +2 as well as +3 states in the composite TiO, - ZrO> matrix
incorporating it into the metallic sites or in an interstitial position. Being a rare earth ion
with good shielding effect owing to its 5s 4d electronic configuration, the emission
characteristics remain largely unaffected due to the host matrix. Thus, the presence of Eu
as dopant can lead to better absorption of solar energy and subsequent emission in the
visible region (blue in case of Eu*? and red in case of Eu*?), which would enhance the

photo generation of charge carriers and result into higher photo conversion efficiency.

With this in view, samples as mentioned above were synthesized and cells were
fabricated using these materials as photoanode layers. Barrier layers were not made, the

rationale for which can be explained on the basis of the table given below.

Materials LUMO energy levels in (eV)

ZnO -4.4
TiO: -4.2
CeO, -4.1
CdS -4.0
CuO -3.8
7r0O; -3.5
Dye (Anthocyanin) -2.93
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The barrier layers require proper placement in consistence with the LUMO energy
levels. The composite material is a combination of TiO2 and ZrO», which are placed at
the two ends of the sequence, as given in the above table. Hence, taking any material as
barrier layer, which is between the two, would lead to a mismatch of LUMO levels

between the barrier and electrode layer.

As in all other cases, Ruthenium Dye and Platinum were replaced by Pomegranate

juice and graphite coating respectively.

The I-V curves are given in Figure. 14. The photovoltaic parameters are given in
Table 17. The efficiency increases in the ascending order from the cell fabricated using
TiO; followed by undoped TiO2-ZrO; and Eu doped TiO»-ZrO». The highest efficiency
of 6.25 % has been obtained for the cell made by using Eu doped TiO2-ZrO». The doping
of Eu increases the Anatase phase content of TiO2, which is the most effective phase of
TiO, for DSSC operation. The decrease in crystallite size of the doped material (6.47 nm)
also improves the performance, which can be attributed to increase in surface area on
account of lower crystallite size that results into higher amount of dye being adsorbed on

the film [43, 44].

The increased efficiency can be attributed to the introduction of additional energy
levels, which increases the conduction electron density in Eu doped TiO2-ZrO; layer [45-
47]. All the cells mentioned above have very low series resistance and low shunt
resistance as well. While the low series resistance is desirable, the lower values of shunt

resistance indicate fabrication issues and thus provide opportunity for improvement.
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Figurel4: I-V curves of cells.

Table 17: Photovoltaic parameters.

Jsc VYoc
(mA/cm?) (mV)
TiO; 8.7 200 0.061 40.00 4.5 0.71
TiO02-ZrO; 3.1 377 0.256 98.00 3.6 1.97
Eu doped TiO2-ZrO» 8.1 373 0.312 36.00 1.2 6.25
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