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This research replaces conventional hole transport layers (HTLs) like Spiro-OMeTAD, with 
Cu-based delafossite materials for improved performance. CsSnI₃ and CsPbI₃ were used as 
absorber layers to enhance perovskite solar cells (PSCs) stability. Various PSCs were 
optimized by adjusting perovskite thickness, HTL thickness, and temperature to determine 
their influence on efficiency. The results were examined to determine the highest-
performing PSC, offering insights into stable and cost-effective solar cell designs for better 
energy harvesting. 
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1. Introduction 
 
These days, we depend a lot on fossil fuels, and burning them ranks as a major factor in 

global warming [1]. The main reasons for the energy crisis of many developing nations are the 
reliance on coal, oil, and natural gas for energy and the unstable energy market [2]. So, it is time to 
look for a new, reliable, and secure substitution for fossil fuels. Renewable energies like solar, 
biogas, wind energy, wave energy, hydropower, and geothermal energies can be great substitutions 
for fossil fuels and save our world [3–10]. Solar energy is quickly becoming the frontrunner among 
renewable energy options, thanks to its limitless supply and promise to tackle the global energy 
shortage. In 2022, it stood out as the second most widely adopted renewable energy system across 
the globe with a capacity of 1056 GW, and currently, solar cells are contributing 3.6% of global 
energy production [11]. Researchers have designed many kinds of solar cells during the last two 
decades and among all those solar cells, perovskite has drawn the most attention. Perovskite is a 
material which has a chemical structure of  MNR3 where M is an organic positively charged ion, N 
is a metallic positively charged ion, and R is a negatively charged halogen ion [12]. Perovskite 
materials have garnered substantial focus within the scholarly fraternity owing to their superior 
electrical and optoelectronic performance metrics. These materials exhibit ambipolar charge 
transport capabilities with high carrier mobilities, exceptionally low exciton binding energies 
facilitating efficient charge separation, and extended carrier diffusion lengths conducive to effective 
charge collection. Furthermore, perovskites demonstrate a high optical absorption coefficient across 
a broad spectral range, minimal trap state densities that mitigate non-radiative recombination losses, 
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and an intrinsically tunable bandgap, enabling spectral optimization for a variety of photovoltaic and 
optoelectronic applications [12–17]. Even though researchers favor PSC, it still has many 
disadvantages and one of the main disadvantages of PSC is its organic cation [18,19]. There are 
mainly two types of organic cations that are used in PSCs namely MA+ (methylammonium), and 
FA+  (formamidinium). MA+  is unstable under thermal and light illumination conditions which 
mainly result from the high volatility of the hydrophobic nature of MA+ cation under such external 
stimuli [20,21]. Methylammonium (MA⁺)-based PSCs experience a phase shift from a tetragonal to 
cubic structure at 55°C, which is close to the operational temperature of these devices [22]. This 
transition can negatively affect the photo and heat resistance of the cells. Additionally, 1MA⁺ based 
perovskites are known to degrade under heat and light exposure due to their low crystallization 
energy [23–25], and the volatile nature of MA⁺ makes it unsuitable for large-scale production. 
Recently, formamidinium (FA⁺) has emerged as a preferred alternative to MA⁺, offering advantages 
such as a narrower bandgap for enhanced light absorption, longer charge diffusion lengths, and better 
photostability [26–33]. FA⁺ based perovskites can crystallize into two distinct structural phases 
depending on the thermal conditions applied: a yellow hexagonal non-perovskite phase or a black 
trigonal perovskite phase. Significantly, FAPbI₃ maintains structural stability within the temperature 
range of 25°C to 150°C, exhibiting no phase transitions throughout this interval [22,30]. 
Nevertheless, the presence of various defects in FA⁺-based perovskites—including intrinsic point 
defects, grain boundary irregularities, and surface imperfections—continues to hinder their power 
conversion efficiency (PCE) from attaining its theoretical upper limit [34]. These defects act as 
recombination centers, reducing photoluminescence lifetime and causing performance losses [35–
38]. Moreover, the relatively large ionic radius of the FA⁺ cation presents persistent challenges to 
the moisture stability of FA⁺ based perovskite solar cells. To address this limitation, the partial or 
complete substitution of FA⁺ with alternative cations—either organic or inorganic—has been shown 
to boost both physical stability and environmental sustainability of the perovskite absorber layer, 
thereby contributing to the development of more durable and reliable photovoltaic devices. [18,19]. 
Recently Cs+  (Cesium) is being used as a substitute of MA+  and FA+  cation in all-inorganic 
perovskite and it demonstrated superior thermal stability [39,40]. Cs+ has a higher rate of photon 
absorption and could improve the PCE of PSC. According to findings by Chen et al., even though 
the material possesses a smaller bandgap of 1.3 eV a PCE of 12.92% was obtained in a CsSnI3 based 
solar cell and in a later work Arbouz et al enhanced the efficiency of Cs+ based PSC up to 19.92 % 
[41–44]. Spiro-OMeTAD was used as a HTL in many PSCs but it has its limitations.  These organic 
HTLs are costly and volatile when exposed to moisture, elevated temperatures, and high humidity, 
making their cost prohibitive and limiting their life span [45]. Delafossite is a type of mineral with 
a crystal structure known as the delafossite structure. This  structure is defined by an atomic 
configuration arranged in distinct layers and can be formulated as ABO2  where A is typically 
univalent cation like copper (Cu+), or silver (Ag+), B is a trivalent cation, often a metal (M+3) like 
Chromium (Cr+3 ), Cobalt (Co+3 ), Aluminium (Al+3 ), Gallium (Fe+3 ), Manganese (Mn+3 ) 
delafossite material have a layered structure where A cations form linear chains along one axis, while 
the B cations are coordinated with oxygen atoms in an octahedral arrangement. This structure gives 
rise to unique electrical and optoelectrical properties. Delafossite materials can exhibit a range of 
electrical properties from being insulating to conducting. For example, copper-based delafossite like 
CuAlO2  can be p-type semiconductors, which means they have holes as their majority charge 
carriers. Delafossite materials have good thermal and chemical stability, making them suitable to 
operate under high temperatures and in different environments. Among all the delafossite materials 
copper-based delafossite oxide have gained the most attention and have been investigated in several 
reports [46–48]. Delafossite CuMO2  where M= Al, Ga, Fe, Cr, Ni, Co has a hexagonal lattice 
structure of O-M-O and MO6 layers [49]. TiO2 is the is the most widely utilized material for the 
electron transport layer (ETL) among all the ETLs but it has its disadvantages. High temperature is 
required to fabricate TiO2 which is very costly and TiO2 has low electron mobility [50]. ZnO is a 
promising substitute of TiO2 due to several advantageous properties. ZnO requires low fabrication 
temperature which reduces fabrication cost and it also offers higher electron mobility, leading to 
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improved performance of PSCs [50]. ZnO can be readily synthesized using the spin coating 
technique, which facilitates the production of smooth and uniform thin film layers [50]. 

 Many reports previously suggested that copper-based delafossite could be a very good 
candidate for HTL in PSC. So, we asked the question, which copper based delafossite is the best 
candidate for HTL. Organic-inorganic PSCs have stability issues and perform poorly under high-
temperature and humid conditions. Therefore, substituting the organic components either partially 
or entirely has been proposed as a viable solution for boosting stability of PSC. CsSnI3, and CsPbI3 
are two perovskite whose organic part (FA+ and MA+) have been replaced with Cs+ and has better 
stability performance. In this work, we have used CsSnI3 and CsPbI3 as perovskite to create a stable 
solar cell. We have used Cu based delafossite CuMO2 where M= Al, Co, Ni, Fe, Ga, and Cr to find 
out which delafossite is most suitable to be used as HTL. The thicknesses of both perovskite layers 
were systematically adjusted across the range of 100-1000 nm to determine their optimal values, 
while the delafossite layer thickness was altered across the range of 10-100 nm for performance 
optimization. Temperature of solar cells has also been varied from 300K- 350K to test the PSCs 
temperature tolerance and at last, we give our perspective on the performance of the simulated PSCs. 
This work is principally focused on creating a stable, high-performing, and economical solar cell. 

 
 
2. Simulation and mathematical modeling: 
 
The development of simulation software has opened a new era in solar cell research. Now, 

researchers do not have to fabricate solar cells physically and they can easily simulate different kinds 
of solar cell and optimize them using simulation software without any cost. Here, SCAPS is used to 
fabricate all the solar cells. 

In SCAPS, the one-dimensional equation (1) governs the semiconductor materials under 
steady-state conditions. Equation 1 also illustrates the connection between the electric fields (E) of 
the p-n junction and the associated charge density. 

 
∂2𝜑𝜑
𝜕𝜕2x

 = - 𝜕𝜕E
𝜕𝜕x

 = 𝜌𝜌
𝜀𝜀s

 = - 𝑞𝑞
𝜀𝜀s

 [ 𝜌𝜌 – n + ND
+ (X) - NA

− (X) ± Ndef (X) ]                                  (1) 

 
Here, 𝜑𝜑 represents the electrostatic potential, 𝜀𝜀s denotes the static relative permittivity of the 

material, and q is the charge. The terms ND
+ , and ND

− refer to the densities of acceptors and donors, 
respectively, while n and p represent the densities of electrons and holes. Equations 2 and 3 describe 
the carrier continuity equations within the device. 

 
                 -  

∂jp
𝜕𝜕X

 + M - Va (a,b) = 0 - 
∂jp
∂X

 +M - Va (a,b) = 0                                             (2) 
 

                -  ∂jn
𝜕𝜕X

 + M - Vb (a,b) = 0 -  ∂jn
∂X

 +M - Vb (a,b) = 0                                             (3) 
 
where, jn = current density of electron, jp = current density of hole, M = carrier generation, Vb (a,b) 
= recombination of electron and Va (a,b) = hole recombination. Equations 4 and 5 represent the 
current density of carriers. 
 

                     jp = qnμpE - qDp ∂p

𝜕𝜕X
 jp = qnμpE - qDp ∂p

𝜕𝜕X
                                               (4) 

 
                   jn = qnμnE - qDn ∂n

𝜕𝜕X
 jn = qnμnE - qDn ∂n

𝜕𝜕X
                                              (5) 

 
Here, q = charge, Dp, and Dn is the carrier diffusion coefficient, and μp and μn is the carrier 

mobilities. 
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3. Device configuration 
 
This work has studied two cases (Case 1 and Case 2), and the device configuration is 

illustrated in Figure 1. The fundamental parameters for each layer have been sourced from relevant 
literature, and their values are provided in Tables 1 and 2. 

 

 
(a)                                                                               (b) 

 
Fig. 1. Illustrates (a) the device configuration of PSC, 

(b) the exciton generation and carrier transport of PSC. 
 
 

Table 1. The relevant values of each layer [51–59]. 
 

Parameters FTO (TCO) ZnO (ETL) CsPbI3 
(absorber layer) 

CsSnI3  
(absorber layer) 

Thickness (nm) 100 10 1000 
 

1000 

Eg (eV) 3.4 3.3 1.73 1.3 

χ (eV) 4.5 4.1 3.95 4.17 

εr (eV) 9.1 9.0 6 8.2 

Nc (cm−3 ) 1.1×1019 2.2× 1018 1.1 × 1020 1 × 1018 

Nv (cm−3 ) 1.1×1019 1.9 × 1019 8 × 1019 1 × 1018 

Vth (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107 

µn (cm2 /Vs) 20 100 16 1.6 

µp (Cm2 /Vs) 10 25 16 1.6 

 ND (cm−3) 1.1×1019 1 × 1018 0 0 

 NA (cm−3) 0 0 1 × 1015 1 × 1016 
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Table 2. Parameters of Cu based delafossite materials [60–77]. 
 

Parameters CuAlO2 CuCoO2 CuNiO2 CuFeO2 CuGaO2 CuCrO2 

Thickness (nm) 10 10 10 10 10 10 

Eg (eV) 2.65 2.99 2.20 2.45 2.51 2.75 

χ (eV) 2.43 2.30 3.30 2.65 3.10 2.99 

Nc (cm−3) 1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1019 

Nv (cm−3) 1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1019 

μn (Cm2 /Vs) 11.3 0.60 1 0.64 0.20 0.15 

μp (Cm2 /Vs) 11.3 0.60 1 0.64 0.20 0.15 

 
 
4. Result and discussion 
 
4.1. Case 1 
In case 1, CsPbI3 has been used as an absorber layer and Cu-based delafossite CuAlO2, 

CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 has been used as HTL. ZnO has been used as 
ETL, FTO has been used as TCO and Pt servs as anode. Six different combinations of solar cells 
have been designed using six different delafossite materials. All the solar cells have been optimized 
by varying the perovskite layer thickness, HTL thickness, and temperature to see which delafossaite 
material performs best. 

 
4.1.1. Thickness 
The influence of CsPbI3  absorber layers thickness on FF, Voc, Jsc, and PCE was tested 

through thickness variation of CsPbI3, ranging from 100-1000 nm, while all the other parameters 
were fixed. With the increase in thickness, the values of Voc of all six PSCs started to increase. The 
highest value of Voc of all PSCs was recorded at 1000 nm thickness. At 1000 nm thickness the Voc 
of CuAlO2, CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 based PSCs were 0.8518 V, 1.0290 
V, 1.1710 V, 0.8717 V, 1.1816 V, 1.2281 V respectively.  The value of Jsc started to increase with 
increasing thickness and the highest values of Jsc were recorded at 1000 nm thickness for all PSCs. 
The recorded values of CuAlO2 , CuCoO2 , CuNiO2 , CuFeO2 , CuGaO2 , and CuCrO2  based solar 
cells at 1000 nm thickness were 20.457682 mA/Cm2, 20.481282 mA/Cm2, 20.486112 mA/Cm2, 
20.462464 mA/Cm2, 20.485819 mA/Cm2, and 20.485776 mA/Cm2, respectively. PCE of all PSCs 
was also observed to increase with increasing thickness of perovskite. All the PSCs exhibited the 
maximum PCE at a thickness of 1000 nm. The highest recorded PCE of CuAlO2 , CuCoO2 , 
CuNiO2, CuFeO2, CuGaO2, and CuCrO2 based PSCs at 1000 nm thickness were 13.79 %, 17.64 
%, 20.81 %, 14.15 %, 20.87 %, and 20.90 % respectively. As the thickness of the CsPbI3  was 
increasing a continuous drop in FF was observed. At 1000 nm thickness the values of FF of CuAlO2, 
CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 based PSCs were 79.12 %, 83.72 %, 86.75 %, 
79.34 %, 86.21 %, and 86.20 % respectively. The highest FF of all PSCs was recorded at 100 nm 
perovskite thickness and the generation of a strong electric field across the absorber layer were 
responsible for this high FF. As the thickness increased this electric field decreased and a quasi-
neutral state was created within the absorber layer, this quasi-neutral region means electrons move 
via diffusion which causes series resistance to rise and as a result FF drops [78,79]. The increase in 
Voc with greater thickness suggests that recombination within the quasi-neutral region is not the 
predominant mechanism, preventing a significant increase in reverse saturation current [78,80]. The 
persistent rise in Jsc can be attributed to the high absorption coefficient of the perovskite material 
[81]. With the increase in CsPbI3  thickness PCE increases because of high absorption in a bulk 
absorber layer [80,81]. 
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4.1.2. HTL Thickness 
The thickness of the HTL was adjusted within the range of 10-100 nm to investigate its 

influence on the performance of the PSC. As the thickness increased, all the values of all parameters 
almost became saturated at 20 nm. So, the values of all PSCs were kept at 10 nm. At 10 nm the 
highest recorded PCE of CuAlO2, CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 based PSCs 
were 15.35 %, 16.50 %, 18.58 %, 15.63 %, 19.48 %, 19.52 %. 

 
4.1.3. Temperature 
The solar cell gets heated by the sun continuously during day time and this temperature rise 

can have some adverse on solar cells performance. To investigate the impression of temperature on 
PSC the temperature was varied from 300K to 350K. As the temperature rises Voc, FF, and PCE of 
all the six PSCs started to drop but a corresponding rise in Jsc was observed. Voc decreased when 
the temperature climbed because the reverse saturation current increased as well [82]. An increase 
in Jsc results from the absorber layer's bandgap narrowing with temperature, which permits more 
charge carriers to move from the valence band to the conduction band [82]. The rise in Jsc was not 
very significant in influencing the performance of PSC. Due to their dependency on Voc and Jsc 
both FF and PCE drops with increasing temperature. The highest-recorded PCE of CuAlO2 , 
CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 based PSCs at 300K were 13.79 %, 17.64 %, 
20.81 %, 14.15 %, 20.87 %, and 20.90 % respectively. 

 
4.1.4. Observation 
In case 1, it was observed that the peak value of Jsc, PCE and Voc was recorded at 1000 nm 

perovskite thickness, 10 nm HTL thickness, and 300 k temperature. However, the highest FF value 
was observed with a perovskite thickness of 100 nm. Among all the PSCs designed CuNiO2 based 
PSC have shown the highest value of Jsc, and FF, and the optimal value of Voc, and PCE was shown 
by CuCrO2 based PSC. One of the most desirable qualities of PSC is its PCE. Solar cells can produce 
high-output power if it has high PCE and it is evident from case 1 that CuCrO2 based PSC has 
performed the best in terms of PCE. 

 
 

    
(a)                                                                                   (b) 

(b)  

 
(c)                                                                              (d) 

 
Fig. 2. Illustrates the impact of perovskite thickness on (a) Voc, (b) Jsc, (c) FF, and (d) PCE  

of all PSCs of case 1. 
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Fig. 3. Demonstrates the effect of HTL thickness on PCE of case 1. 
 
 

 
 

Fig. 4. Demonstrates how temperature affects the PCE of case 1. 
 
 

4.2. Case 2 
In case 2, CsSnI3  have been used as absorber layer and Cu-based delafossite CuAlO2 , 

CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 has been used as HTL. ZnO has been used as 
ETL and FTO has been used as TCO and Pt has been used as anode. Like case 1, six different solar 
cells have been created using six different delafossite materials and the effect of perovskite 
thickness, HTL thickness, and temperature has been tested. 

 
4.2.1. Perovskite thickness 
Keeping all other device parameters constant, the CsSnI₃ thickness was varied from 100 nm 

to 1000 nm in order to systematically investigate the impact of perovskite layer thickness on device 
performance. The impact of absorber layer thickness on overall solar cell performance was assessed 
by analyzing the consequent effects on FF, Voc, PCE, and Jsc. With increasing thickness, the value 
of Voc started to increase and the highest Voc of all six PSCs were recorded at 1000 nm thickness. 
At 1000 nm thickness the value of Voc of  CuAlO2 , CuCoO2 , CuNiO2 , CuFeO2 , CuGaO2 , and 
CuCrO2  based PSCs were 0.4038 V, 0.5871 V, 0.7772 V, 0.4133 V, 0.8587 V, and 0.9451 V 
respectively. Jsc also started to increase with thickness and at 1000 nm thickness the highest value 
of Jsc of all PSCs was recorded. The values of Jsc of CuAlO2 , CuCoO2 , CuNiO2 , CuFeO2 , 
CuGaO2 , and CuCrO2  based PSCs were 30.513076 mA/Cm2 , 35.525720 mA/Cm2 , 35.536710 
mA/Cm2 , 35.507494 mA/Cm2 , 35.538561 mA/Cm2 , and 35.539482 mA/Cm2  respectively. PCE 
was also observed to increase with increasing thickness of perovskite and the highest PCE of 
CuAlO2, CuCoO2, CuNiO2, CuFeO2, and CuGaO2 based PSCs were 10.43 %, 16.12 %, 22.87 %, 
10.68 %, and 25.68 % respectively at 1000 nm thickness. Unlike other PSCs the highest value of 
PCE of CuCrO2 based PSC was recorded at 900 nm thickness and the PCE was 26.34 %.  
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4.2.2. HTL thickness 
By modifying the HTL thickness from 10 nm to 100 nm, the effect of HTL thickness on 

PSC performance was examined. The analysis revealed that changes in HTL thickness within this 
range did not produce any significant variation in device performance. No noticeable change in PSC 
performance was noted as the thickness of HTL increased from 10 nm, and the values of FF, Voc, 
PCE, and Jsc almost became saturated at 20 nm thickness. The peak values of all PSCs were recorded 
at 10 nm thickness and the PCE of CuAlO2, CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 
based PSCs were 10.43 %, 16.12 %, 22.87 %, 10.68 %, 25.68 %, and 26.34 % respectively. 

 
4.2.3. Temperature 
The effect of temperature on case 2 was similar to case 1. The performance of all solar cells 

started to deteriorate gradually with increasing temperature. Voc, FF, and PCE started to deteriorate 
as the temperature started to rise above 300 K but like case 1, a slight rise in Jsc was observed. The 
highest value of PCE of CuAlO2, CuCoO2, CuNiO2, CuFeO2, CuGaO2, and CuCrO2 based PSCs 
at 300K temperature were 10.43 %, 16.12 %, 22.87 %, 10.68 %, 25.68 %, and 26.34 % respectively. 

 
4.2.4. Observation 
In case 2, the highest value of Voc, and Jsc of all PSCs were recorded at 1000 nm Perovskite 

thickness, 10 nm of HTL thickness, and 300 K temperature. The highest value of five PSCs (except 
CuCrO2 based PSC) were recorded at the same parameters but the highest PCE of CuCrO2 based 
PSC was recorded at 900 nm perovskite thickness which is the highest among all PSCs.  

In both cases, the highest PCE was produced by CuCrO2 based PSCs. So, it can be said that 
CuCrO2 based PSCs have performed the best among all simulated devices. 

 
 

 
(a)                                                                                      (b) 

 

 
 

(b)                                                                                  (d) 
 

Fig. 5. Illustrates the impact of perovskite thickness on (a) Voc, (b) Jsc, (c) FF, and (d) PCE  
of all PSCs of case 2. 
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Fig. 6. Demonstrates the effect of HTL thickness on PCE of case 2. 
 
 

 
 

Fig. 7. Demonstrates how temperature affects the PCE of case 2. 
 
 
5. Conclusion 
 
In this study, in case 1, all the PSCs showed highest Voc, Jsc, and PCE at 1000 nm perovskite 

thickness, 10 nm HTL thickness, and 300K temperature. Out of all the other PSCs CuCrO2 based 
solar cell has demonstrated the highest PCE, Jsc, and Voc. However, the highest values of FF were 
recorded at 100 nm thickness. It is evident from the study that elevated temperatures exhibited a 
detrimental influence on the performance of PSCs. The PCE of all the PSCs started to decline 
gradually with increasing temperature. In case 2, all the PSCs have shown the highest value of Voc, 
and Jsc at 1000 nm perovskite thickness, 10 nm HTL thickness, and 300 K temperature. The highest 
PCE of all solar cells except CuCrO2 based PSC were recorded at 1000 nm of perovskite thickness 
and the highest value of CuCrO2 based solar cell was recorded at 900 nm perovskite thickness. The 
highest FF of all PSCs was obtained at 100 nm perovskite thickness.  

 
6. Future work 
 
Solar cell has a lot of potential not only in energy sector but also in sectors like healthcare 

and biomedical engineering. As the world is moving towards self-powered healthcare devices, solar 
cell can be a great replacement of batteries. Many healthcare devices use piezo material for energy 
harvesting which has a low energy output [83-87]. Solar cell can be used as an additional energy 
source on those devices to solve the energy issue.  
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