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To enhance the performance of flexible dye-sensitized solar cells (FDSSCs), zinc oxide
(ZnO) powder is prepared using the hydrothermal method and spin-coated onto plastic
substrates. The films are implanted with H" ions at three fluencies (1x10'3, 1x10', and
1x10'5 ions/cm?). XRD results reveal the hexagonal (wurtzite) structure with improved
crystallinity. SRIM software analyzed that with an increasing ion dose, vacancies are
increased. UV-Vis shows increased bandgap energy. PL confirms reduced recombination
rates. Photovoltaic measurements of FDSSCs demonstrate significantly enhanced
efficiency (2.86%) at 1x10'* ions/cm? fluence. EIS confirms the suppression of charge
recombination and reduced charge transport resistance.
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1. Introduction

FDSSCs have become an appealing replacement for traditional silicon-based solar devices
due to their affordable price, easy and quick fabrication, and potential for flexibility [1].
Traditional rigid substrates, such as glass or FTO, limit the flexibility and practicality of DSSCs.
Thus, developing flexible photoanodes is of great importance for realizing the full potential of
DSSCs in flexible and portable electronics. The FDSSCs have important components, including a
photoanode, sensitizer, mediator, counter electrode, and substrate [2]. Among these, photoanode is
crucial in light absorption and charge transport [3, 4]. Researchers have used various wide-band
materials as photoelectrodes in FDSSCs which include SnO; [5], ZnO [6], and TiO; [7]. These
mentioned semiconductors offer favorable optoelectronic properties and have been extensively
studied for their potential to enhance the performance of FDSSCs. Due to its remarkable
properties, ZnO has been increasingly studied as a photoanode for FDSSCs in recent years. These
properties include that ZnO has different morphologies like nanorods, nanoflowers, nanotubes, and
nanowires [8]. It has a higher electron mobility than TiO; [9], a larger bandgap (3.37 eV), 60 meV
excitons binding energy, high charge carrier concentration, excellent optical transparency, and a
conductivity span of 10* to 10> Qcm [10]. Excitonic emission, nontoxicity, the quantum
confinement effect, and good transparency within the visible spectrum associated with ZnO
contribute to its potential for use in diverse fields, including solar cells, optoelectronics, and
sensors. These superior characteristics make ZnO a desirable candidate for utilization in FDSSCs,
enabling efficient light absorption, charge separation, and electron transport processes [11, 12].
However, several challenges still need to be addressed to improve the efficiency and flexibility of
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FDSSCs based on ZnO. The quick electron-hole pairs recombination, which lowers the overall
device performance, is one of the fundamental constraints of ZnO-based FDSSCs. The other
limitation is the disintegration of ZnO into Zn*" ions due to acidic sensitizers adsorbed onto its
surface and the formation of dye aggregates, adversely affecting ZnQO's performance as a
photoanode in FDSSCs. This corrosion and reduced efficacy in an acidic atmosphere impose
limitations on utilizing ZnO as a photoanode material in FDSSCs [13]. Various strategies have
been explored to eliminate the issue, including surface modifications, nanostructuring, doping, and
ion implantation. lon beam implantation is a powerful technique to modify micro to nanoscale
material properties. Researchers can precisely alter the characteristics of ZnO thin films by
controlling ion density, creating defects, and inducing stress/strain [14]. This unique method offers
promising technological applications and is acknowledged as an effective tool for tailoring
material properties [15, 16]. ZnO can be modified by introducing foreign dopants, such as In, B,
Mg, Mn, H, Al, Ga, Li, N, C, S, Se, etc., to achieve desired properties. These impurities enable the
alteration of the band structure, the creation of imperfections, and improvement in the mobility of
charge carriers in ZnO [17].

ZnO-photoelectrode fabrication with p-type characteristics can be produced by replacing
Zn with elements of group I [18] or O with elements of group V from the ZnO lattice [19]. It is
better to achieve the p-type behavior of ZnO by incorporation of elements from group I than from
group V as they can develop shallow acceptor levels in the ZnO lattice [20]. Thus the implantation
of the elements from group—I can improve the various features of the p-type ZnO photoelectrodes
for FDSSCs. The close resemblance in size is a very important factor as it can enable the easy
substitution of group-I ions with Zn** ions to induce p-type conductivity within the crystal lattice
of ZnO [21].

Hydrogen ions (H") implantation has emerged as a promising technique to enhance the
performance of ZnO-based photoanodes. H'-implantation has been shown to effectively passivate
surface defects and suppress electron-hole recombination in ZnO, leading to improved charge
separation and transport. Moreover, H'-implantation offers the advantage of being a low-cost,
scalable, and environment-friendly process. Chris et al. reported that the incorporation of hydrogen
(H) ions in ZnO is known to enhance conductivity. H ions, being stable and existing in the lowest-
energy state across all Fermi-level positions, can be incorporated in significant concentrations as
shallow donors in ZnO. This results in improved conductivity properties for ZnO-based materials
[22]. Kim et al. treated the H ions in ZnO film and reported that it reduced the electron trap sites
and electron scattering which improved the performance of the film [23]. Hoang et al. have
reported that H atoms located at oxygen vacancy sites (Ho) play a crucial role in simultaneously
increasing the mobility and carrier concentration of ZnO. The presence of Ho defects caused by
hydrogen is a significant contributing factor to the observed enhancements in both mobility and
carrier concentration [24]. Myong et al. reported that H incorporation in ZnO improves the carrier
concentration, and electron transportation and reduces the trap sites [2].

The current study delves into pioneering research that revolves around the fabrication and
meticulous characterization of H'-implanted ZnO-based photoanodes specifically tailored for
FDSSCs. Notably, this investigation employs an innovative approach by utilizing indium tin oxide
laminated polyethylene terephthalate (ITO-PET) flexible substrates, emphasizing the pursuit of
flexibility and adaptability in solar cell technology. The primary objective encompasses a
comprehensive examination of the influence of H+-implantation on various facets of ZnO films.
The structural, morphological, optical, and impedance properties of these films are meticulously
scrutinized, shedding light on the profound modifications induced by the implantation process.
This thorough analysis aims to uncover the nuanced changes and enhancements in ZnO's
characteristics, crucial for optimizing its performance as a photoanode in FDSSCs. Moreover, the
research meticulously evaluates the photovoltaic parameters, elucidating the direct impact of these
structural and property modifications on the overall efficacy and efficiency of FDSSCs. By
correlating these findings, the study intends to establish a comprehensive understanding of how
H'-implantation influences the performance of ZnO-based photoanodes within the context of
flexible dye-sensitized solar cells. This novel approach holds significant promise in advancing the
frontier of solar cell technology toward enhanced flexibility, efficiency, and practicality.



635

2. Experimental arrangement

2.1. Materials and methods

A uniform blend of zinc oxide (ZnO) was prepared using the hydrothermal method. In this
process, the first solution is prepared by mixing 1M of (Zn (CH3CO0O), .2H,0 with 0.5M
HMTA. Then the 1M of sodium hydroxide (NaOH) is slowly poured into the first solution while
continuously stirring. The solution was magnetically stirred at above 7 PH for approximately four
hours to ensure homogeneity. The resulting mixture was shifted to a Teflon-lined autoclave, filled
to 85% capacity, at 100 °C for 36 hours. Afterward, the autoclave was left to cool to a normal
temperature. The white slurry blend was filtered, cleaned with ethanol and distilled water, dried,
and crushed into powder. This powder was then mixed in ethanol, and a uniform ZnO mixture was
prepared after sonification. The mixture was then applied to the (ITO-PET) plastic substrates using
the spin coating method to develop ZnO films that were subsequently placed under heating at 80
°C for 45 minutes. The four films were synthesized, including one as the referenced film
symbolized by HZnO-0. The next three films were irradiated with H' ions at three fluencies: 1x
10", 1x 10", 1x 10" jons/cm? and termed as (HZnO-1), (HZnO-2), and (HZnO-3) respectively.
The H'-implanted ZnO films can be collectively denoted as (HZnOs). The implantation was
carried out using an Accelerator (Palletron) with 700 keV energy.

2.2. Characterization techniques

For structural analysis of the ZnO-based photoelectrodes, an X-ray diffractometer (XRD)
(Proto Model: AXRD Benchtop, Canada) was used. The amounts of ionization and vacancies
produced due to these interactions in ZnO have been estimated by using Stopping and Range of
Ions in Matter (SRIM) software. The morphologies of the films were discovered via a scanning
electron microscope (SEM) (Nova Nano SEM 450 FEI), operating at 1 nm at 1 kV (TLD-SE) and
1 nm at 16 kV (TLD-SE). The films' spectral behavior was evaluated using a UV-Vis
spectrophotometer (Shimadzu| Model: UV 3600 plus| Origin: Japan). With the use of a
photoluminescence (PL) spectrophotometer (Fluromax4, Horiba, USA), the trap levels were
studied. The electrochemical impedance was analyzed by impedance spectrometer (CHI660E)
under conditions (V=10 mV, f= 100 mHz-10 kHz).

2.3. Fabrication of FDSSCs

To develop FDSSCs, the as-produced ZnO electrodes were immersed in a 0.3 mM N719
sensitizer solution for 36 hours. The dye-loaded electrodes were washed with ethanol or distilled
water and then left to dry in an oven for 36 hours. The construction of the FDSSCs was completed
by introducing an iodine electrolyte (317/13") at the interface of photoelectrode/platinum (Pt) counter
electrode (CE). For the evaluation of the performance of these devices, a source meter of model
Keithley 2450 with 1.5G sun simulator light at 100 mWcm™ was used. Figure 1 illustrates the
function of FDSSCs that is given below.
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Fig. 1. Schematic diagram of FDSSCs.
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3. Results and discussions

3.1. XRD analysis

The ZnO films were investigated through structural analysis via X-ray diffraction (XRD).
The results and detailed information regarding the crystal structure and plane orientation are
presented in Figure 2. The Miller Indices (hkl) nomenclature was used to describe the plane
orientations of the ZnO crystal structure.
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Fig. 2. The XRD images for ZnO and HZnO films.

The important peaks that appeared in the XRD spectra are (100), (002), (101), (102), and
(103). All the peaks for unimplanted (HZnO-0) are observed at 31.78", 34.46°, 36.38", and 62.83"
respectively. The (002) peak has the highest intensity out of all the peaks. The (002) peaks
corresponding to H'-implanted ZnO films (HZnO-1, HZnO-2, HZnO-3) are positioned at 34.45",
31.41°, and 31.43" respectively. The films bear a hexagonal (wurtzite) structure, whether implanted
or not, comparable to the JCPDS card number (00-036-1451) [25]. Compared to unimplanted
films, no secondary or extra phases appear in the H'-implanted films (HZnOs).

The irradiation of the H' ions into the ZnO lattice for fluency 1 X 1013 ions/cm?
decreases the intensity of the peak (002) showing a decrease in the crystallinity of the films. The
(002) peak intensity decreases on increasing the H' ion dose, representing that crystallite
alignment along the c-axis decreases on increasing the ion dose. It is also observed that 20 shifts
towards a lower angle by amounts 0.01°, 0.05°, and 0.03" for the films HZnO-1, HZnO-2, HZnO-3
respectively. According to Bragg’s Law, the unit cell size can shrink if the peak is broadened,
which may be because the foreign H' ion has made an acceptor interstitial position in the ZnO
lattice. In ion implantation, it is essential to consider the size of the implanted ion; if the ion has a
very small size then during implantation it can induce interstitial defects in the lattice (ZnO). As
the size of H' is very small as compared to Zn**, the interstitial defects are most probable. In the
interstitial defects, H" occupies the interstitial sites within the ZnO lattice [26]. Consequently, the
lattice disrupts and peak intensity decreases with 20 angle shifts towards lower values [9, 27, 28].
The literature also reported that if an ion from group-I element is incorporated in ZnO, peak
intensity decreases and 20 may shift towards the lower angle [27]. In comparison to HZnO-1 and
H-ZnO-2, the film (HZnO-3), which is implanted at a heavy fluency of 1x10' ions/cm> shows a
relatively large distortion because at a heavy ion dose the lattice degraded in crystallinity [29].
Peak shifting and decrease in the intensity of (002) peak indicate that the H" ion is successfully
interstitially occupied in the ZnO lattice [30].

The crystallite size (average) denoted by (D) and dislocation line density (DLD) (6) along
the (002) plane were determined using the Debye-Scherrer relation, and the measurements are
tabulated in Table 1 [31].
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b= BcosO (1)
(2)

The above relation has k = 0.9 (Scherrer’s constant), [ = full width at half maximum,
(FWHM), 60=Bragg’s angle (radians), and A = 0.15406 nm is the wavelength of Cu— Ka
radiation [32].

Implantation of H" ions into the ZnO lattice induces changes in the mean crystallite size
(D). For instance, when the film is implanted at 1x10", 1x10', and 1x10'° ions/cm?, the D values
observed are 28, 26, 18, and 20 nm. This decrease in D can be ascribed to the peak broadening
caused by the H ions occupying the interstitial site in the ZnO film [33, 34]. The shrinkage in
crystallite size offers more surface area for dye loading and thus can generate more charge carriers
[35, 36]. The & is calculated to evaluate the lattice imperfections. The “6” value suggests decreased
film quality if its value is high. The dislocation line density exhibits an increasing trend for all
fluences, indicating lower crystal quality.

Bragg’s law is considered to calculate the inter-planner spacing [37]:-

ni

d= 3)

~ 2sin®

In the above equation, n is an integer representing the diffraction order. In the case of the
(002) peak of the ZnO film, the d-spacing is influenced by introducing H' ions through ion
implantation. The d-spacing values corresponding to the (002) peak for the unimplanted HZnO-0)
and implanted films (HZnO-1, HZnO-2, HZnO-3) are 2.28, 2.32, 2.43, and 2.38 A. It is seen that
the d-spacing values corresponding to the (002) peak are increased upon H' ions implantation.
These changes in d-spacing can be attributed to the implantation of H' that interstitially occupied
the ZnO lattice and caused it to expand. The measured d-spacing values align closely with the PDF
card numbers (36-1451) for ZnO having a hexagonal (wurtzite) structure [38].

The following expressions measure the lattice constants of all the films [39].

1 4 h%Z+hk+k? 12

Tl e R (4)

This relation allows us to understand how the implantation process influences the lattice
parameters of ZnO films [40]. By varying the implantation conditions, such as ion dose and
energy, we can observe changes in the lattice parameters of the films [41]. These changes provide
insights into the structural modifications occurring within the ZnO lattice due to the implantation
of foreign ions. The values of (a, b, c¢) parameters for the prominent peak (002) of all the films
were determined using (hkl) indices and are presented in Table 1. These results indicate the
crystalline nature of the ZnO films. Upon implantation of H' ions into the ZnO film, an increment
in the lattice parameters (a, ¢, d) was observed and can be ascribed to the interstitial occupation of
H' ions that influence the extension of lattice and lattice parameters [42]. Additionally, variations
in lattice strains, subsequently impact the lattice and optical properties [43, 44].

The following formula can measure the surface volume (V) [45].

V = (0.866 X a? X ¢) (5)

The surface volume of the films HZnO-0, HZnO-1, HZnO-2, and HZnO-3 have values of
48.58 (A)’, 48.60 (A)’, 48.66 (A)’, and 48.62 (A)’, respectively. In comparison to unimplanted
ZnO films, the H'-implanted ZnO films lead to an increase in surface volume which is due to the
introduction of H' ions that increase in surface volume [36, 46].

Strains have a significant role in investigating the H' ions implantation-related
modifications in the ZnO lattice. The following equations determine the strains associated with the
prominent peak (002) of all the films [44, 47]:
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€, = C:OCO X 100% (6)
£y = “;:0 X 100% 7)

The notations &,, and &4, represent the c-axis strains and a-axis strains, respectively.
Upon H' implantation into the ZnO lattice, the &,, and &, exhibit an increasing trend. These
variations in strains are ascribed to the H" ion implantation into the ZnO lattice. Further details
regarding the XRD features can be found in Table 1.

Table 1. XRD parameters of all the films.

Sample D E) d cA) | a(d) c/a 14 £, £y

(mm) | (10*m?) (A) (A3 (a.u) (a.u)
HZnO-0 32 9.77 2.28 3.270 | 5.258 | 1.608 48.68 0.99 0.64
HZnO-1 28 12.8 2.32 3.275 | 5.265 | 1.608 48.90 1.13 0.80
HZnO-2 20 25.0 2.43 3.290 | 5.290 | 1.608 49.59 1.61 1.26
HZnO-3 22 20.7 2.38 3.280 | 5.275 | 1.608 49.15 1.33 0.95

3.2. Simulations through SRIM software

The Stopping and Range of Ions in Matter (SRIM) software has anticipated that the
energetic H' ions produce defects in the ZnO films due to the interaction with the target material
through electronic and nuclear scattering processing. The electronic interactions produce
ionization in the ZnO whereas the nuclear interactions produce defects in the lattice structure
through nuclear stopping producing defects around the projected range of incident H' ions. The
amounts of ionization and vacancies produced due to these interactions in ZnO have been
estimated by using SRIM software. Figure 3 (a & b) shows the obtained results from the
simulations for ionization and vacancies produced in the ZnO with direct interactions as well as
recoils. It is to mention that each ion produces ~15 average vacancies in ZnO and the projected H
ion’s range is 5.6 pm.
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Fig. 3. (a) lonization, (b) Vacancies produced in HZnOs films.
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3.3. SEM analysis

SEM studies evaluate the materials’ morphology, as Figure 3 (a-d) illustrates. The proper
implantation of H" into ZnO films is observed in the SEM micrographs. The SEM images show
the fluence-dependent impact of the H' ions on the ZnO lattice. This effect arises due to different
small sizes of H'. It is found that by increasing the implantation dose of H' ions, the layers become
more porous and have rougher surfaces, enhancing its dye adsorption and improving the light-
harvesting performance. In this respect, HZnO-2 film implanted at the fluence 1x10" ions/cm? is
more porous than the other films; therefore, it can adsorb more dye than the rest of the films and
thus produce more excited electrons and increase the current density. No more impurities are
discovered in the H'-implanted ZnO films, which show the compound’s purity.

M HV: 20.0 kV SEM MAG: 3.79 kx VEGAS TESC| sem Hv- 20.0 kv
pcan speed: 6 ! BI: 9.00 | 10 pm

SEM HV: 20.0 kV SEM MAG: 3.72 kx

Scan speed: 6 Bi: 9.00 10

Fig. 4. The SEM images of unimplanted and the H-implanted ZnO films (a, b, ¢, d).

3.4. UV-visible investigations

The UV-visible investigations were employed to characterize unimplanted and H'-
implanted ZnO films. These measurements were conducted at standard temperatures within the
wavelength span of 280 nm to 750 nm. The UV-Vis absorbance spectra are presented in Figure 4a.

The ZnO films exhibit absorption of UV radiation, facilitating electronic transitions from
the valence band (VB) to the conduction band (CB). The absorptional characteristics of ZnO films
are modified by introducing H'-ions into the lattice. Compared to unimplanted film, the H'-
implanted films display an increase in absorbance. Upon H' ions implantation into the ZnO lattice,
absorption edges are blue-shifted due to the material's electronic structure modifications caused by
oxygen vacancies and Zn-interstitial sub-bands. These alterations contribute to modifications to
improve the optical properties. The reduced absorbance observed in H'-implanted films indicates
the potential for improving the transparency of light reaching to dye for enhancing the production
of charge carriers. It highlights the significance of H'-ion implantation in modifying the optical
behavior of ZnO films.
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Upon H'-ions implantation, the absorbance of the films decreases for HZnO-1 and HZnO-
2, except for HZnO-3 implanted at 1x10" ions/cm® high fluence. All the films demonstrate
effective absorption of UV radiation from 255 nm to 325 nm wavelength range. However, the
absorbance gradually decreases beyond this range and becomes negligible for wavelengths
exceeding 430 nm [48]. The sharp absorbance peaks in the ZnO film signify the efficient
stimulation of charge carriers from the VB to the CB, encompassing broad wavelength spectra. As
the H'-implantation dose increases, the absorption edges are reduced, suggesting a possible
bandgap widens. This observation highlights the tunability of ZnO films through H'-ions
implantation that requires tailored band gaps [49]. Among the other films, the H'-(1x10'
ions/cm?)-ZnO film exhibits the highest transmittance within the visible spectrum range. As a
result, more photons are transmitted from the semiconductor material to the dye. The increased
photon absorption generates a more significant number of charge carriers, ultimately enhancing
solar cells' current density and performance.

Tauc’s plot, depicted in Figure 4b, measures the bandgap (E,) of the films [50].

ahv = A (hv — Eg)" (3)

The following relation can measure the absorption coefficient (o) [51, 52].

2.3034

@== ©)

These equations involve variables like the absorption coefficient (ct), bandgap energy (Eg),
incident photonic energy (hv), and a constant (A). It is important to note that in direct bandgap
materials, the value of "n" is considered a half-integral ('2). In contrast, for indirect bandgap
materials, it is equal to 2 [53] [54].
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Fig. 5. (a) Showing the absorbance curve of all the films and (b) showing bandgaps of all the films.

The unimplanted and H" implanted ZnO films have a bandgap of 3.335 eV, 3.266 €V,
3.200 eV, and 3.214 eV, respectively. The bandgap decreases upon H' ions implantation at
dosages 1x10" and 1x10" jons/cm?. The bandgap narrowing can be attributed to the introduction
of acceptor H' ions at the interstitial sites in the ZnO lattice [55]. The work function of H" ions
(2.3 eV to 2.9 eV) is different from ZnO (5.4 e¢V), so when it is implanted into the ZnO lattice,
then the fermi level experiences a downward shift nearer to VB [35, 56].

The refractive index measures how light bends in a material. In FDSSCs, the refractive
index of the photoanode affects light absorption. Suppose if it is too low, then light escapes
without being absorbed. But if it's too high, the light gets trapped, reducing the current generation.
Optimizing the refractive index improves FDSSC efficiency. Its measurement follows the relation
by Hervé and Vandamme [57]:-
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A
Eg+B

n 1+( )? (10)

The constants A=13.6 eV and B=3.4 eV are derived from the Lorentz classical theory [58,
59]. The refractive indices, measured at fluencies of 1x10", 1x10'", and 1x10" ions/cm?, are
2.253,2.272, 2.290, and 2.287, respectively. The H" ions implantation increases the value of n of
the lattice due to enhanced absorbance spectra [60, 61].

The extinction coefficient (k) is a well-known parameter used to quantify the absorption
strength of a material at a specific wavelength. It is a fundamental property that determines how
efficiently a material absorbs light. In the context of FDSSCs, the k value of the photoanode
material is a crucial parameter in achieving the high efficiency of the device. Higher values of k
indicate more substantial light absorption capability, allowing for enhanced electron transfer to the
semiconductor material. However, it is essential to strike a balance between a high extinction
coefficient and high charge injection efficiency. Excessively high values of k can lead to the
undesired quenching of excited dye molecules within the photoanode, resulting in reduced charge
injection efficiency. Therefore, optimizing the dye and photoanode material extinction coefficients
is necessary to ensure the highest possible efficiency in FDSSCs [62].

For the calculation of the extinction coefficient (k) of the films, the formulism is given
below [63]:-

n
Ax*Y

k= (11)

« E,
Here A y* = rfz (12)

The parameter Ay™* can be obtained by taking the electronegative difference of the cations
and anions, where y (-0.32) is used as a fixed constant. The measured values of k for all the
samples are 2.176, 2.179, 2.183, and 2.182 (cm™). The ZnO films with H" implantation have
higher k values than those without implantation. Among the H™-implanted films, the highest k
value is observed for the film (HZnO-2) implanted at a dose of 1x10'* ions/cm?. Adding Group-I
elements into the ZnO lattice, such as H' ions, increases k values [64, 65]. Furthermore, ZnO films
implanted with H™ ions show high absorption in the spectral band where the k values are greater
[66]. Optimizing the value of k is beneficial for the performance of FDSSCs as it increases
absorption.

The dielectric constant (€) represents the capacity of a material to store electrical energy
within an electric field. In FDSSCs, the photoanode material, typically a porous semiconductor,
possesses a high dielectric constant. The real part (&) influences the electric field strength within
the material, impacting charge separation and transport. The imaginary part (£;) affects charge
carrier recombination and cell efficiency [67]. Moreover, the imaginary part is linked to light
absorption and scattering in the material. A higher imaginary part enhances light harvesting, while
a lower value reduces light scattering and promotes light transmission. According to a certain
formulation, the dielectric constant is stated as a combination of its real and imaginary parts [68]:-

€ = & +i§ (13)
€= n? - k? (14)
€= 2nk (15)

The energy of photons (hf) plays a significant role in influencing the dielectric constant
and its components [69]. The photon energy directly influences the values of these components.
The contrast of €, and &; of the materials' dielectric constant suggests a considerable interaction
between photons and electrons. Implantation of H™ ions increases the dielectric constant, indicating
a decrease in the polarization within the material that enhances the mobility of charge carriers and
improves current flow [70, 71]. The values of dielectric parts are mentioned in Table 2.
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In the realm of FDSSCs, the bandgap edges hold profound importance. They determine
the maximum photon energy absorbed, influencing current density and voltage. Precise
optimization is crucial for high efficiency. Ecg and Evg represent the bandgap edges of CB and
VB, respectively, and can be estimated using expressions given below [72]:-

1
X = ~(Ega+ Eion) (16)
1
Ecg = X— E;- EEg 17)
Eyp = Ecg — Eg (18)

The study reveals a notable trend in the bandgap edges as a function of ion doses. At doses
of 1x10" and 1x10' ions/cm?, a decrease in the bandgap edges is observed. Conversely, at a dose
of 1x10' ions/cm?, an increase in the bandgap edges is evident. This intriguing behavior suggests
a potential bandgap shrinkage phenomenon induced by the ion implantation. Detailed values of the
bandgap edges can be found in Table 2, and a graphical representation is provided in Figure 5,
offering a visual depiction of these findings.

-0.613 eV

Eg33.335eV Eg43.266eV

E(eV)
-3.948ev -3.844 eV
—— —
VB VB
HZn0-0 HZno-1
Fig. 6. Bandgap edges of all the films.
Table 2. Optical parameters of all the films.
Samples Bandgap Refractive Extinction Dielectric Band Edges
(Eg) Index Coefficient Constants

(n) k) &, &; Ecs Evs
HZnO-0 3.335 2.253 2.176 0.155 | 9.806 -0.613 -3.948
HZnO-1 3.266 2.272 2.179 0.185 | 9.904 -0.578 -3.844
HZnO-2 3.200 2.290 2.183 0.215 | 9.999 -0.545 -3.745
HZnO-3 3214 2.287 2.182 0.209 | 9.978 -0.552 -3.766

3.5. Photoluminescence (PL) study

Photoluminescence (PL) spectroscopy can be utilized for assessing the efficacy of charge
carriers' recombination rates and their transfer process within the photoanode. By exciting the
photoanode with the light of a specific wavelength, PL spectroscopy enables the measurement of
emitted light intensity and wavelength. This invaluable technique allows for determining energy
levels, electronic properties, bandgap, and defects within the material. Moreover, PL
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measurements shed light on the surface quality, concentration, and mobility of charge carriers
within the photoanode. To investigate the impact of implanted ions, particularly in unimplanted
and H'-implanted ZnO films (HZnOs), photoluminescence (PL) examinations were conducted and
are presented in Figure 6. The PL spectra of the ZnO films exhibited distinct peak characteristics
encompassing two distinct categories. The first peak type is NBE (near band edge emissions) that
appeared in the UV range (360nm-375nm) and corresponded to exciton emissions. These
emissions are closely associated with the bandgap transitions. These emissions also explain the
acceptor levels demonstrating electron transfers from the interstitial level to the trapped states [73].
The second peak type emerged in the visible spectrum (~550 nm) and stemmed from electron-hole
(e-h) recombination triggered by defects of zinc-interstitial or oxygen-vacancies. These emissions,
known as deep-level emissions (DLE), are attributed to defect-related processes within the
material [74, 75].

All films' ultraviolet (UV) emissions (NBE) were examined, resulting in observed
wavelengths of approximately 362 nm, 363 nm, 364 nm, and 363 nm, respectively. A blue-shift
emission was observed in the UV peaks of the H'-implanted ZnO films, possibly due to reduced
E,, as previously reported in the UV-VIS analysis [76]. Green-yellow related emissions were
detected at approximately 535 nm, 539 nm, 548 nm, and 541 nm for all the films, attributed to
transitions from Zn interstitial to VB [53]. The implantation of H" ions increases the intensity of
the yellow-green emissions because of the production of H-acceptors (Hz,) [77, 78]. Violet
emissions within the 430 nm to 450 nm range were observed in all the films [79]. The irradiation
of H" to the lattice of ZnO induces the Hz, (acceptor) shown by the appearance of a shoulder peak
at 432 nm, ascribed to the recombination of donor-acceptor pairs, which is demonstrated by the
shoulder peak [80]. It was observed that PL peaks moved slightly towards the lower wavelength
indicating a decrease in oxygen vacancies that can be ascribed because of substitution of H"
acceptor with Zn in the ZnO structure [81]. These peaks may be associated with intrinsic defects in
the ZnO lattice or those induced by H" implantation, such as zinc and oxygen interstitials (Zn &
0j), oxygen vacancies (Vo), zinc vacancies (Vzn), and among others [82, 83]. The intensity of
emission peaks significantly decreased when H'-ions were implanted in the lattice (ZnO),
indicating a reduction in the recombination rate, enhanced charge separations, and improved
charge-carrier mobility, ultimately benefiting the performance of FDSSCs.

PL Intensity [a.u)

Wavelength (nm)

Fig. 7. PL spectra of unimplanted and HZnOs films.

3.6. JV characteristics

The current-density vs. voltage (J-V) characteristics of FDSSCs with N719 dye, as
depicted in Figure 7, are accompanied by the corresponding photovoltaic properties listed in Table
3. The characterization of the FDSSCs relies on essential optimized photovoltaic parameters,
including fill factor (FF) [84], open circuit voltage (Vo) [85], short circuit current density (Js)
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[79], and photovoltaic conversion efficiency (1) [80] that can be determined by the methods
outlined below:-

Voc = |Er = Ereqoxl (19)
FF = Imax*XVmax (20)
JscXVoc
FFXVocXJsc
= 21
Pin ( )

The Fermi energy level (Er), redox energy level (Eredox) 0f the electrolyte (I7/137), maximum
current (Imax), maximum voltage (Vmax), and input power of the incident light (P;,) are the notations
essential for characterizing and analyzing the device's performance under investigation.

Increasing FF improves the efficiency of FDSSCs by maximizing power conversion from
incident light. The J is measured when the device is short-circuited, and its higher value signifies
the improved photon absorption and conversion to electrical current, leading to increased power
output in FDSSCs. The V. is the difference between redox potential (electrolyte) and conduction
band (semiconductor), and its higher values enable greater voltage generation and improved
electrical potential. Optimizing the V.. enhances FDSSCs efficiency by increasing maximum
power output [62, 85].

The performance of unimplanted and H'-implanted ZnO photoanodes in FDSSCs with
N719 dye was evaluated. The unimplanted ZnO photoanodes exhibited Ji. (4.24 mA/cm?), Voc
(0.74 V), In (3.64 A), Vi (0.60 V), and 1 (1.88%). However, the H™-implanted ZnO photoanodes
demonstrated superior photovoltaic properties compared to unimplanted ZnO film, indicated by
improved Js, FF, and overall efficiency. The PCE of H*-(1x10") ZnO film increased from 1.18%
to 2.23%, while H'-(1x10'") ZnO exhibited an exceptional PCE of 2.47%. These improvements
can be attributed to the effects of H" ion implantation, including a decrease in bandgap energy
leading to an increased current density. The PL spectra revealed reduced peaks, indicating reduced
charge carrier recombination [86]. Furthermore, introducing H' ions through ion implantation
transformed the surface of the ZnO film into a porous structure, enhancing dye loading, light
harvesting, and charge carrier densities.
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Fig. 8. The J-V Characteristics of all the samples.

The H*-(1x10'*) ZnO film exhibits superior dye adsorption capacity compared to other
photoanodes. Enabling H" ions into the ZnO films reduces the resistance associated with charge
transfer at the interface (ZnOf/electrolyte). This reduction in resistance led to faster electron
transfer and decreased charge recombination rates, ultimately contributing to the enhanced
efficiency of FDSSCs [87]. Furthermore, the H" ions implantation suppresses the development of
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Zinc-dye complexes in the films, resulting in improved electronic injection efficiency of the
semiconductor and increased efficiency of FDSSCs [42, 88]. In contrast to unimplanted ZnO-
based photoanodes with low photocurrent response, the H'-implanted ZnO photoanodes
demonstrate significant photocurrent response, indicating an improved interfacial electron
injection efficacy.

Introducing H' ions into ZnO photoanodes has proven effective in hindering the formation
of Zn-dye complexes. Moreover, ZnO films have displayed instability when employed with acidic
electrolytes. Nevertheless, the H' ions implantation into the ZnO film promotes the development
of a corrosion-resistant interface, thereby enhancing the stability of FDSSCs. These modifications
collectively contribute to the observed enhancement in overall efficiency.

Table 3. Photovoltaic parameters of all the FDSSCs.

Sample Jsc Voc Im Vi FF n (%)
(mA.cm™) V) (A) V)
HZnO-0 4.2356 0.7446 3.6368 0.5186 0.5981 1.8862

HZnO-1 5.3986 0.7434 4.7925 0.5366 0.6407 2.5715
HZnO-2 5.4709 0.7431 5.0262 0.5701 0.7048 2.8652
HZnO-3 4.7713 0.7432 4.0775 0.5233 0.6017 2.1338

3.7. Electrochemical impedance spectroscopy (EIS)

The H'-implantation effects on the charge transfer properties of the photoanode in the
FDSSCs were examined using electrochemical impedance spectroscopy (EIS). Introducing H' ions
during implantation can significantly influence the roughness and surface morphology of the ZnO
films, consequently affecting charge transportation and species diffusion within the film. As
illustrated in Figure 8, Nyquist plots were generated from EIS measurements to characterize the
impedance behavior of the FDSSCs. The Nyquist plot comprises three distinct semi-circles, each
shedding light on different aspects of the system. The intercept at the high frequency on the real
axis of the Nyquist-plot can be attributed to the CE/electrolyte resistance (R,), representing the
electrical resistance encountered at the interface of CE/electrolyte [89]. The larger semi-circle
observed in the intermediate-frequency range is associated with the charge transfer resistance (Re:)
at the HZnO/Dye/Electrolyte interface [90], which elucidates the hindrance to charge transfer at
the respective interfaces, providing valuable insights into charge transfer efficiency. Additionally,
a smaller semi-circle in the lower-frequency region corresponds to the Warburg diffusion of the
redox couple (317 /13) [91], revealing information regarding the conductivity of the ions and the
diffusional properties of the electrolyte. Figure 8 demonstrates a decrease in the semi-circle or Ry
upon H" ion implantation in the ZnO film. The R, values exhibit a descending order of (HZnO-0)
> (HZnO-1) > (HZnO-3) > (HZnO-2), with the HZnO-2 film implanted at a fluence of 1 X
10* jons/cm? displaying the lowest Ry across the HZnO/Dye/Electrolyte interface. This
reduction in charge transfer resistance is indicative of a diminished recombination rate and
enhanced fast electron transfer mobility, thus contributing to the highest efficiency in FDSSCs.
Further investigation into the H'-implantation effects on the FDSSCs performance is crucial for
optimizing the charge transfer properties and advancing the overall efficiency of these solar cells.
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Fig. 9. Nyquist plot for unimplanted and H-implanted films.

4. Conclusion

ZnO films have been deposited on the ITO-PET by a spin coater. H" ions were then
implanted in these films at fluencies 1x10", 1x10", and 1x10" ions/cm®. The H-implantation
produced a p-type character in the ZnO films. The XRD patterns confirmed the irradiation of H"
ions. It is observed that crystalline quality is degraded with decreased crystallite size. The least
crystallite size is noticed at 1x10' ions/cm®>. SRIM software reported that the amount of
ionization and vacancies increases with the increase in ion dose. SEM analyzed the successful ions
implantation of H" in the lattice of ZnO and reported that the surface of the ZnO became porous
and rough. The H'-irradiated films exhibited optical properties such as high absorbance, low
bandgap energy (3.20 e¢V), narrowed bandgap edges, and high refractive index (2.29), particularly
at a fluence 1x10" jons/cm?, because of the downward shifting of fermi level towards the valance
band.

The cell developed by ZnO-2 film implanted at fluency 1x10'* ions/cm? indicated a high
Jse (5.4709 mA-cm™), FF (0.7048), and PCE (2.86%). EIS spectra reported that the charge transfer
resistance (R.) decreases after H'-ions implantation, especially at 1x10'* jons/cm? fluence. The H"
ions implantation in the lattice of ZnO has been observed to reduce the rate of recombination,
inhibit the formation of Zn**-dye composites, and enhance the charge carriers’ concentration in
photoanodes, resulting in the high efficiency of FDSSCs.
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