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‘I
An innovative technology for energy harvesting that transforms direct sunlight into electrical energy is dye-sensitized solar cells. Since |
these cells are flexible, lightweight, inexpensive, environmentally benign and involve a straightforward production method, they have far |
superior qualities to silicon-based solar cells. Since, a photoanode is the backbone of dye-sensitized solar cell (DSSC), we synthesized
ZnO and Ag/Ca doped-codoped ZnO nanoparticles using sol-gel technique. The optical, morphological, and structural characteristics of |
prepared samples were thoroughly examined. XRD, FESEM-EDX, and UV-Vis were among the methods used to characterize the produced |
nanoparticles. The X-ray diffraction data showed that the wurtzite structure was single-phase hexagonal and did not contain any impurity |
phases. The effective integration of Ag/Caions into the host ZnO structure is further validated by XRD. Additionally, the XRD investigation |
demonstrates that the Wurtzite structure of ZnO remains unchanged when Ag/Ca is substituted for ZnO. According to the FESEM
morphological images, the produced nanoparticles have a spherical form. The EDAX spectra confirm the presence of Zn, Ca, Ag and O |
atoms in the samples, while the optical transparency and band gap values were analyzed using UV-Vis spectroscopy. The Co-doping Ca/ |
Ag resulted in a decrease in the energy band gap as determined by Tauc’ plot. J-V characterisation was used to assess the electrochemical |
properties of fill factor, open circuit voltage, and short circuit current density. This signifies a 215.39% enhancement in efficiency compared |
to the pure ZnO-based photoanode utilized in DSSCs. |
|

Keywords: Dye sensitized solar cell, Sol-gel, Nanoparticles, Photoanode, J-V characteristics.

parent conducting oxide (TCO) substrate such as indium tin
oxide (ITO) or fluorine-doped tin oxide (FTO); (ii) an iodide-
based electrolyte solution that permeates the photoanode,

INTRODUCTION

Solar energy is an abundant, renewable resource that offers

a sustainable alternative to conventional fossil fuels. It can be
directly converted into electricity without generating carbon
emissions, making it an eco-friendly solution to the growing
global energy demand. As fossil fuel reserves continue to dwin-
dle, solar energy has garnered significant attention as a viable
substitute. Dye-sensitized solar cells (DSSCs) have emerged as
apromising technology among various solar energy conversion
methods, owing to their cost-effectiveness, ease of fabrication,
and scalability for large-scale production. These attributes posi-
tion DSSCs as a competitive and innovative approach to sust-
ainable energy generation [1-3]. The structure of dye-sensitized
solar cells primarily consists of three key components: (i) a
dye-sensitized photoanode, which is deposited onto a trans-

facilitating charge transport; and (iii) a platinized TCO counter
electrode, which serves as the catalytic interface for the redox
reaction, ensuring efficient electron transfer within the system.

Incident sunlight is absorbed by the dye molecules, exci-
ting their electrons to a higher energy state. The photo-excited
electrons are subsequently transported through an external
circuit to the counter electrode (platinized TCO), facilitating
the generation of an electric current. Simultaneously, the oxid-
ized dye molecules are restored by the redox electrolyte, which
undergoes oxidation at the counter electrode, thereby ensuring
the completion of the electrochemical cycle [4]. Titanium
dioxide (TiO,) is the most widely utilized photoanode material,
esteemed for its extensive availability, high surface area, superior
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dye adsorption capacity, exceptional chemical stability and
prolonged electron lifetime [5]. It has significant photoelectric
characteristics, low manufacturing cost, and adjustable
physical properties [6].

Zinc oxide (ZnO) (E, =3.37 eV) is readily synthesizable,
non-toxic, and exhibits high carrier mobility. Additionally, its
nanocrystalline particles demonstrate superior dye adsorption
capability [7,8]. Therefore, some reports support that DSSCs
with ZnO have better photoelectric efficiency [9]. Nevertheless,
ZnO exhibits critical drawbacks such as chemical instability
in acidic dye environments, the presence of surface defects,
and inefficient electron injection from Ru-based sensitizers
[10]; hence, under typical conditions, ZnO-based DSSCs exhibit
lower efficiency (1) compared to TiO»-based DSSCs. To enhance
the performance of ZnO-based solar cells, various strategies
have been developed [11-14], One approach involves decor-
ating or coating the ZnO nanostructure with other metals or
metal oxides, thereby developing nanocomposites with enhan-
ced properties [13,15-21]. The primary constraint of ZnO struc-
tures in DSSC applications lies in their restricted absorption
within the visible spectrum, predominantly attributed to their
intrinsically high absorption in the ultraviolet region and their
broad bandgap. To enhance solar energy harvesting efficiency,
ZnO structures can be strategically engineered to extend their
spectral response, thereby optimizing their photoconversion
capabilities and overall device performance. Reducing the
bandgap of ZnO structures is a useful approach to improving
their absorption in the visible spectrum, which accounts for
approximately 43% of solar irradiance. Some of the most effec-
tive methods for extending ZnO’s optical response into the
visible region involves doping its crystal lattice with transition
metals, thereby modulating its electronic structure and optimi-
zing its photovoltaic performance [22]. Transition metals are
frequently utilized as dopants due to their partially filled d- or
f-orbitals, which facilitate modifications in the electronic and
structural properties of ZnO [23]. These dopants play a crucial
role in shaping the morphology and particle size of ZnO
structures. Specifically, the incorporation of transition metals
has been shown to restrict ZnO crystal growth, resulting in
smaller nanostructures with an increased surface area, thereby
improving their functional properties for optoelectronic
applications [24]. Incorporation of transition metals into the
ZnO lattice is known to modulate the local Zn environment,
thereby altering the electronic band structure and effectively
reducing the bandgap. As a result, the optical absorption edge
of ZnO moves into the visible light region, enhancing its effi-
ciency in capturing a broader spectrum of solar radiation [25].
Furthermore, metal ion doping enhances the electron transport
dynamics within the ZnO framework, facilitating more efficient
charge carrier mobility. Moreover, it mitigates the recombi-
nation rate between the conduction band of ZnO and the redox
electrolyte, thereby improving overall charge separation and
photovoltaic performance [26].

Group II elements, such as calcium, magnesium, strontium
and barium, are recognized for their high conductivity and
their ability to seamlessly integrate into the atomic structure
of ZnO. This incorporation induces modifications in both the

structural and optical properties of ZnO, including alterations
in grain size and bandgap. Doping ZnO nanostructures with
these second group elements leads to significant changes in
the electronic bandgap as well as the structural morphology
of the material, enhancing its functional characteristics.

A variety of advanced techniques are utilized for the syn-
thesis of nanoparticles, including molecular beam epitaxy,
metal-organic chemical vapour deposition, plasma-enhanced
chemical vapour deposition, sputtering, spray pyrolysis, atomic
layer deposition, pulsed laser deposition, electron beam evapo-
ration and the sol-gel process. These methods offers unique
advantages for precisely controlling the size, morphology, and
composition of nanoparticles in various applications [27].
Compared to the previously described approaches, the sol-gel
process offers a number of benefits, including simplicity, affor-
dability, and remarkable efficiency [28]. A sol-gel spin coating
approach makes it simple to adjust a number of factors, inclu-
ding the concentration of the precursor solution, the annealing
temperature, and the annealing duration in order to obtain the
desired results [29].

This study explores the impact of doping or co-doping
transition metal elements, specifically silver and an alkali-earth
metal, calcium, into a ZnO-based photoanode for dye-sensi-
tized solar cells (DSSCs). The investigation systematically
varies the concentrations of Ag and Ca to assess their influence
on the material properties. This study represents the first com-
prehensive investigation into the structural, morphological,
optical and photovoltaic properties of Ag- and Ca-doped, as
well as co-doped, ZnO, with the objective of optimizing the
efficiency of dye-sensitized solar cells (DSSCs). The findings
reveal that doping and co-doping with the transition metal Ag
significantly enhance charge carrier separation, expedite charge
transport, and extend the absorption spectrum into the ultra-
violet and near-infrared regions, which were previously unabs-
orbed. On the other hand doping with alkali earth element
improves cell performance by enhancing dye loading on the
photoanode. These improvements contribute to an increased
efficiency of the investigated dye-sensitized solar cells (DSSCs).
The doping and co-doping of Ca or Ag have been found to
effectively tackle the challenges associated with ZnO photo-
anodes in the dye-sensitized solar cells (DSSCs), resulting in
a substantial enhancement of the device’s performance. By
adjusting the dopant concentration, sol-gel nanoparticles were
created and successfully used as a photoanode. Ruthenium
N719 dye was chosen since it is one of the most effective dyes
for DSSC because of its capacity to absorb visible light and
its special qualities, which include stable anchoring to the ZnO
surface and rapid electron injection.

EXPERIMENTAL

Zinc nitrate dihydrate [Zn(NOs),-:2H,0], silver nitrate
[Ag(NO3)], calcium chloride dihydrate [CaCl,-2H,0], sodium
hydroxide, ammonium hydroxide, ethanol, acetone, isopropyl
alcohol, Triton X-100, fluorine doped tin oxide (FTO), iodine,
potassium iodide and ethylene glycol. All used chemicals were
procured from Sigma-Aldrich and were of AR Grade.
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Synthesis of nanoparticles: All the reagents, zinc nitrate
dehydrate [Zn(NOs),-2H,0], silver nitrate [Ag(NO3)], calcium
chloride dihydrate [CaCl,-2H,O] were taken as starting material.
Sol-gel technique was used to prepare (i) bare ZnO i.e. Zn, ;O
7Zn-29.74 g (wt.%), (ii) Ca-doped ZnO (ZnssCao150) Zn-25.2 g,
Ca-2.20 g (wt.%), (iii) Ag doped ZnO (ZnossAgo.1s0) Zn-25.2 g,
Cu-2.54 g and (IV) Ca/Ag co-doped ZnO (Zno_35Ca0_075Ag0_0750)
Zn-25.2 g, Ca-1.10 g, Ag-2.54 g (wt.%) nanoparticles. These
compounds were dissolved in 100 mL of deionized water while
being vigorously stirred for around 4 h. Ammonia solution was
added dropwise while being continuously stirred at 60 °C for
1 h or until the pH of the reaction mixture reached 8. The well
blended solution turned thicker attaining the consistency of a
thick gel after being agitated for an entire hour. The resulting
gel was washed with de-ionized water. Then, the gel was allowed
to calcine for about 3 h at 350 °C. The designation and compo-
sitional details of the synthesized samples are presented in
Table-1. Initially, pristine ZnO nanoparticles were synthesized,
followed by doping with Ag and Ca at varying concentrations
to enhance their properties. The simple and efficient synthesis
of ZnO nanoparticles using the sol-gel method is attributed
due to the underlying chemical reaction, which facilitates the
formation of ZnO from precursor materials under controlled
conditions [30].

Zn* + 20H —> Zn(OH), (1)

Zn(OH), + 20H ——> Zn (OH)}" 2)

Zn(OH)? — ZnO + H,0 + 20H" 3)
TABLE-1

SAMPLE CODE AND COMPOSITION OF AS
SYNTHESIZED Ag/Ca-ZnO NANOPARTICLES

Sample No. Sample code Sample composition
1 Z0 Zn, O
2 CZO Zn,sCa ;50
3 AZO Zn85A8,550
4 CAZO Zn55Cay 075AZ0.07:0

Fabrication of dye sensitized solar cell

Dye: N719 i.e. di-tetrabutylammoniumcis-bis(isothio-
cyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(IT)
a high performance dye is the ammonium salt of N3 dye. It is
amodified dye that increases the device voltage and was used
here to fabricate photoanode for DSSS’s.

Preparation of photoanode utilizing fluorine doped tin
oxide glass sheets: The photoanodes were fabricated using
FTO-coated conducting glass substrates, which were initially
undergone a thorough cleaning process by immersing them in
an ultrasonic bath containing soapy water, followed by thoro-
ugh rinsing with distilled water and ethanol. After the cleaning,
the FTO coated conducting glass sheets were dried and further
used for the preparation of photoanodes. During this procedure,
the FTO glass was cross-sectioned into 3 cm X 3 cm pieces
and subsequently cleaned using a combination of detergent,
acetone and deionized water. These pieces were then placed
in a sonicator for about 10 min and dried with a hair dryer.

The process of testing the conducting side of FTO involved
using a multimeter to measure its electrical conductivity and
then marking an appropriate (1cm x 1cm) dimension on it. To
ensure perfection, a tape was used to mask the substrate, adhe-
ring to the measured dimensions of the photoanode. A homo-
genous paste was than prepared by adding an appropriate quan-
tity of powdered sample to ethanol, which was mixed until a
uniform consistency was achieved. To ensure even coverage on
the FTO substrate, Triton X-100 was used as a surfactant. The
paste was subsequently spread uniformly onto the FTO subs-
trate using the doctor-blade method. Four working electrodes
were simultaneously prepared using this method. The prepared
photoanodes were subsequently placed in a muffle furnace and
heated at 400 °C for 35 min. After the heating process, the photo-
anodes were immersed in a Ruthenium N719 dye solution for
sensitization.

Preparation of electrolyte: Iodide tri-iodide (I'/I5") was
employed as an electrolyte to facilitate conduction between
the counter electrode and the photoanode. Begin by measuring
10 mL of ethylene glycol. Next, added 0.83 gof KIand 0.127 g
of iodine (I,) to the solution. All the reagents should be thoro-
ughly mixed in a beaker to ensure homogeneity. The resulting
solution should then be stored in an opaque container to protect
it from direct exposure to solar radiation.

Counter electrode preparation: The conductive surface
of the FTO was determined with a voltmeter, followed by the
application of a carbon coating using a graphite pencil. The
lead pencil was evenly distributed throughout the whole FTO
surface in order to prepare a steady and continuous carbon
coating.

Assembly of DSSC: Upon completion of the preparation
of all components of the DSSC, the photoanode was submerged
in a dye solution for 24 h. Following this, the photoanode was
carefully rinsed with deionized water and permitted to dry. The
DSSC was constructed by applying multiple drops of electr-
olyte to the photoanode, after which the photoanode FTO was
secured to the counter electrode FTO using a binding clip. A
solar simulator was employed to assess the I-V characteristics
of the assembled DSSCs.

Characterization: The crystalline structure, grain size
and composition of ZnO doped and co-doped Ca/Ag nano-
particles were analyzed using a PANalytical X Pert Pro diffrac-
tometer. The measurements were conducted with Cu-Ko. radia-
tion at a wavelength of A = 1.54056 A, under conditions of 45
kV and 40 mA, to assess the crystalline characteristics of the
samples. A Perkin-Elmer Lambda 650 was used for UV-visible
spectroscopy in order to determine the bandgap energies and
examine the absorption characteristics of various photoanodes.
Tauc plot analysis was used to establish the bandgap values
for both doped and undoped materials. The wavelength range
in which the UV absorption spectrophotometer operated was
190 nm to 900 nm. The surface morphologies were analyzed
by using JEOL JSM-7610FPlus Field Emission Scanning Elec-
tron Microscope. Furthermore, elemental composition analysis
of the sample surfaces was undertaken using the integrated
Energy Dispersive X-ray Spectroscopy (EDX) system within
the FESEM setup.
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Photovoltaic characterization: The assembled solar cell
was evaluated for its current-voltage performance under dark
conditions using an Oriel Solar Simulator (AM 1.5, 100 mW/
cm?), Oriel Sol3A Newport, and a Keithley 2400 source meas-
ure unit. The photovoltaic current density-voltage characteriz-
ation was subsequently performed to assess the cell’s electrical
behaviour.

RESULTS AND DISCUSSION

XRD analysis: The crystallinity and the particle sizes of
Zn0, ZnCa0, ZnAgO and ZnCaAgO nanoparticles were anal-
yzed using the XRD. The X-ray diffraction patterns of bare,
Ca/Ag-doped and co-doped ZnO nanoparticles on an FTO
substrate are displayed in Fig. 1. According to the figure, the
addition of Ca/Ag using the JCPDS database of card 36-1451
[31] results in polycrystalline films with a hexagonal wurtzite
structure with no additional phases. A high level of crystallinity
is indicated by the nine sharp and intense ZnO peaks found in
all samples ((100), (002), (101), (102), (110), (103), (200),
(112) and (201). The XRD spectrum reveals the absence of peaks
corresponding to Ca or Ag ions, suggesting that the incorpora-
tion of Cu or these ions does not alter the hexagonal wurtzite
structure [32]. The crystallite size of the synthesized particles
was determined using the Debye-Scherrer equation (4), which
relies on the line broadening (full-width at half-maximum,
FWHM) of the (101) diffraction peak [33].

0.94A
b= “)
BcosO
where 0 is the Bragg angle (°), B is the full half maximum,

FWHM (radian), A is the wavelength and D is the crystallite
size (nm).

5 —— AZO
8001 . T ——CAZO
3 —~ ——Cz0
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Fig. 1. X-ray diffraction pattern for synthesized nanoparticles

Moreover, using Bragg’s rule, a number of other parameters,
such as d-spacing and lattice strain, were determined [34,35]
using the obtained XRD data and are reported in Table-2.

. . B
Lattice strain (¢) = 5
© 4tan© )

nA
d-spacing (d) = 6
pacing (d) 256 (6)

where FWHM and 6 have same value mentioned above. The
computed values are presented in Table-2.

The crystallite sizes of the synthesized samples-ZO, CZO,
AZ0O, and CAZO were determined to be 12.985 nm, 22.900
nm, 22.726 nm and 15.152 nm, respectively, reflecting the vari-
ations in their crystalline structure, indicating distinct variations
in their crystalline structure. When compared to the bare sample,
the increased crystallite size indicates that the atoms are more
organized in their orientation.

UV-visible spectra analysis: In this study, pristine ZnO
and Ca/Ag-doped ZnO nanoparticles were synthesized. UV-
visible spectroscopy was utilized to investigate the absorbance
characteristics and bandgap energies of bare ZnO, ZnO nano-
particles doped with Ca or Ag, and co-doped ZnO (Ca/Ag)
within the wavelength range of 300-800 nm [36]. Fig. 2 shows
the UV-Vis spectra of ZnO and Ca/Ag-doped ZnO nanoparticles.
The synthesized ZnO nanoparticles exhibit a wurtzite crystal
structure, as evidenced by the UV absorption edge observed
at 364 nm. The incorporation of Ca and Ag into the ZnO lattice
induces a red shift in the absorption edge, indicating structural
modifications in the pristine ZnO framework. The incorpora-
tion of Ca into ZnO has the potential to shift its photon absor-
ption capability from the ultraviolet (UV) to the visible region,
thereby expanding its absorption spectrum. The UV spectro-
scopy data further reveal the absence of distinct peaks corres-
ponding to AgNO?. This is attributed to the fact that AgNOs,
being an ionic compound rather than an intrinsically coloured
material, exhibits a pale-yellow colour in solution rather than
distinct absorption features. The absorption of ultraviolet and
visible light by molecules, inducing the excitation of electrons
from lower to higher energy states. As silver nitrate is an ionic
compound lacking conjugated mt-bonds, it is incapable of absor-
bing UV or visible light, as its electronic structure does not
support such transitions [37].

The band gap energy for all samples was determined utili-
zing the Tauc plot based on Tauc’s relation [38].

(0hv) = C(hv — E,)" 7)
where n takes the values of 1/2, 3/2, 2 and 3 for direct allowed

transitions, direct forbidden transitions and indirect allowed
transitions, respectively; h represents Planck’s constant; C

TABLE-2
VARIOUS CALCULATED/OBSERVED STRUCTURAL PARAMETERS FROM XRD
Sample composition Diffraction angle* (20) FWHM* Crystallite size* (nm) Lattice strain* (€) d-spacing®
Zn, O 36.211 0.672 12.985 0.00897 1.3000
Zn,5Cay 150 36.172 0.381 22.900 0.00500 1.3046
Znygs Agy.1s0 36.244 0.384 22.726 0.00510 1.3024
Zn,55Cag 075A80,0750 36.280 0.576 15.152 0.00760 1.3013

*Parameters corresponding peaks of 100% relative intensities, cooperating well with Fig. 1.



Vol. 37, No. 4 (2025)

Improved Performance of DSSCs using Ag/Ca doped and co-doped ZnO as Photoanode Materials 947

1.5

[ 70O
[ CZO
= AZO
[ CAZO

- 1.0

=}

8

[0]

o

C

[

Q

S

8

< 0.5

0 T T
300 400

Wavelength (nm)
Fig. 2. Optical absorbance spectra of as studied samples

denotes the proportionality constant; Vv is the frequency of inci-
dent light; o signifies the absorption coefficient; and E, refers
to the optical bandgap energy. The observed optical band gap
(E,) values are 2.94eV, 2.90eV, 2.86eV and 2.92¢eV, as shown
in Fig. 3. Doping ZnO with Ca/Ag results in the reduction of
bandgap, which is possibly due to the introduction of defect
states as Ag doping creates localized states near the conduction
band or valence band. These states facilitate electronic transitions
at lower energies, effectively curtailing the bandgap whereas
Ca doping introduces oxygen vacancies or other defects that
contribute mid-gap states, helping in bandgap reduction. Co-

100nm CIL_GJU 13
SEM WD 8.0mm 1

100nm CIL_GJU 13-08-2024
SEM WD 8.0mm 12:55:38

Fig. 4. FESEM micrographs of the samples (a) ZO (b) CZO (c) AZO and (d) CAZO

doping results in a noticeable redshift in the absorption edge,
indicating reduced bandgap energy [39]. The combined doping
of Ag and Ca modifies the ZnO lattice, developing a more
substantial shift in the electronic band structure than individual
doping. The defects and states introduced by Ag and Ca over-
lap, enhancing their impact on bandgap narrowing [40].

—— 70
2071 |—cz0
—— AZO
— CcAZO
1.5
=
L
3
S0
0.5
0.0 T
2 3 4

hv (eV)

Fig. 3. Tauc plot of various prepared samples

FESEM: Fig. 4 presents the FESEM images and surface
morphology of bare, doped and co-doped Ag/Ca ZnO nano-
particles in panels (a-d). Undoped ZnO nanoparticles typically

100nm CIL_GJU 13-08-2024
SEM WD 8.0mm 12:58:23
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exhibit a hexagonal Wurtzite structure, with morphologies such
asrods, spheres or flakes. The addition of Ag and Ca as dopants
often alters the morphology due to change in the growth kinetics
and lattice structure during synthesis. Ag/Ca doping reduced
particle agglomeration and enhanced surface uniformity in
ZnO nanoparticles, with improved spherical shapes compared
to undoped ZnO. This was attributed to the influence of dopants
on nucleation and growth mechanisms during synthesis [41].
FESEM images typically show that doping with Ca and Ag
reduces the particle size due to the inhibition of grain growth.
The Ca/Ag co-doping promote better surface uniformity, which
is desirable for optical and electronic applications [42].

Energy dispersive spectroscopy (EDS): The composi-
tion of the dopants within the host ZnO was revealed by Fig. 5
while Table-3 presents the EDS spectra of Ag/Ca doped and
co-doped ZnO, along with their respective concentrations exp-
ressed in atomic percent. EDS also detect unintended elements
or impurities that might have been introduced during synthesis.
No unexpected peaks observed resulting in a high-purity
sample. Additional peaks for Ag and Ca validate successful
doping. Peak of Ag (L) around 2.98 KeV and peak of Ca around
3.69 KeV confirms their further incorporation into ZnO matrix,
which was found to be aligned with the literature [43]. Doping
was also confirmed by the atomic percentage of each dopant
present in the host matrix, relative doping percentage fairly
line up with the intented doping concentration.

TABLE-3
CHEMICAL COMPOSITION OF SAMPLES ZO, CZO,
AZO, AND CAZO OBSERVED FROM EDS ANALYSIS

. Calcium Silver Oxygen
Sample Zinc (at.%) (at.%) @t.%) (at}.,%; )
70 41.07 - - 58.93
CZ0 32.56 7.23 - 60.21
AZO 37.94 - 8.47 53.58
CAZO 36.60 3.27 0.03 60.17

J-V measurement: Co-doping ZnO with silver and calcium
enhances the efficiency of dye-sensitized solar cells due to the
improvements in optical, electronic and structural properties.
The synergy between silver and calcium significantly impacts
the power conversion efficiency (PCE) by influencing factors
like light absorption, electron transport and charge recombina-
tion. In order to investigate the performance variations caused
by Mg/Cu doping and co-doping, ZnO and doped photoanodes
(Z0O,CZ0,AZ0 and CAZO) were assembled into DSSCs. Under
AM 1.5, 100 mW cm light irradiation, the performance of these
four photoanode series was tested and presented in Fig. 6, with
comprehensive characteristics listed in Table-4. The fill factor
(FF) and efficiency (1) of dye-sensitized solar cells (DSSCs)
are ascertained through the application of the following
formulae:

XV

max max

T ILXV, ®

sc oc

0 2 4 6 8 10 12 14 16 18 20

2 4 6 8 10 12 14 16 18 20

keV

2 4 6 8 10 12 14 16 18 20
keV

2 4 6 8 10 12 14 16 18 20
keV

Fig. 5. EDX images of samples (a) ZO, (b) CZO, (c) AZO and (d) CAZO
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Fig. 6. J-V curve of ZO, CZO, AZO and CAZO photoanode based DSSC

TABLE-4
DIFFERENT PHOTOVOLTAIC PARAMETERS
FOR ALL THE FABRICATED DSSCs

Sample  J (mA/cm?) V.. (V) FF Efficiency
70 3.087 0.473 19.32 0.2826
CZ0 5.662 0.500 20.83 0.5908
AZO 5.963 0.515 20.13 0.6192
CAZO 10.801 0.544 15.16 0.8913
(J.xV_xFF)
n= P )]

Based on the recorded of J-V curve, the open-circuit voltage
(Vo) and short-circuit current density (J«) were determined.
The bare ZnO photoanode based DSSC exhibits V.., Ji, FF
and 1 values of 0.473V, 3.087 mA/cm?, 19.32 and 0.2826%,
respectively. In case of Ca doped ZnO based DSSC, the photo-
voltaic parameters of V. and J increases to 0.500 V and 5.662
mA/cm?, respectively, resulting in an increased 1 value of
0.5908%. Similarly, Ag doped ZnO based DSSC leads to an
escalation in the values of V. and J, to 0.515V and 5.963 mA/
cm’, respectively, resulting in an increased 1| value of 0.6192%.
Furthermore, calcium and silver co-doped ZnO photoanode
based DSSC shows enhancement of the photovoltaic parameters,
with the values of V. and J. upsurging to 0.544 V and 10.801
mA/cm?, respectively. This results in an increased 1| value of
0.8913% as listed in Table-4.

This improvement in efficiency of co-doped nanoparticles
used as photoanode may be due to the co-doping of ZnO with
silver and calcium, which introduces significant improvements
in optical, electronic and structural properties, directly enhan-
cing the power conversion efficiency (PCE). Silver and calcium
co-doping reduces the bandgap of ZnO, enabling the material
to absorb more light in the visible region. Silver introduces
localized surface plasmon resonance (LSPR), while calcium
induces structural and electronic changes, extending light absor-
ption to lower energy region. Broader light absorption results
in higher photocurrent generation and improved short-circuit
current density (Ji.) [44]. Silver introduces trap states in ZnO
that facilitate electron transport within the conduction band.

The plasmonic effects from silver enhance hot electron gener-
ation and injection into ZnO. Ca reduces grain boundary resist-
ance and improves the ZnO crystallinity, allowing for faster
electron movement; reduces oxygen vacancies, minimizing
charge recombination. Better electron mobility and reduced
recombination lead to higher open-circuit voltage (V) and fill
factor (FF) [45]. Co-doping ZnO with silver and calcium leads
to the synergistic effects that significantly enhance the perfor-
mance of dye-sensitized solar cells (DSSCs). Consequently,
the co-doped sample surpasses the limitations associated with
bare ZnO, demonstrating a maximum efficiency increase of
215.39% compared to bare ZnO.

Conclusion

Ca-Ag co-doped nanoparticles were synthesized through
the sol-gel method and subsequently integrated into a photo-
anode via the doctor-blade technique. Ruthenium N719 dye
was utilized as sensitizer, the synthesized nanoparticles were
then characterized using X-ray diffraction (XRD), UV-Visible
(UV-Vis) spectroscopy, field emission scanning electron micro-
scopy (FESEM) and energy dispersive X-ray (EDX) analysis
to investigate their crystalline structure, optical properties, band
gap, and morphology. Current-voltage (I-V) measurements
were conducted to assess the overall efficiency of the fabricated
DSSC. XRD analysis revealed that Ca-Ag co-doping in ZnO
preserves the hexagonal wurtzite structure of the material. Enh-
anced crystallinity improves charge carrier mobility and over
all photovoltaic performance. Silver-calcium co-doping reduces
the bandgap of ZnO extending the light absorption into the
visible region, which intern improved short circuit current
density. Surface morphology of synthesized material found
with reduced size and higher surface area, beneficial for the
dye absorption. The plasmonic effect of silver improved light
absorption and electron injection, whereas calcium enhances
electron mobility and reduces recombination. Combined effect
results in the enhancement of power conversion efficiency (PCE)
upto 215.39%, making them promising material for high per-
formance DSSC.
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