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The predominant expense for the manufacturing cost of new generation photovoltaic devices 

including perovskite solar cells (PSC) emanate from the use of indium tin oxide (ITO) as 

transparent electrodes and is due to its limited supply and patterning costs. The PSC devices 

also struggle with low lifetime, and thus it has a high potential of generating rapid end-of-life 

(EOL) products resulting in surged photovoltaic wastes. In addition, the PSC devices contain 

unfavorable toxic elements such as lead and thus any effort to tackle the problem would help 

the environmental sustainability. In this article, the aforementioned issues were solved by the 

quality recovery of patterned ITO substrates from old devices through “top-down” approach, 

which essentially stripped out the unsought component layers present on ITO and subsequently 

reused for fresh devices. The PSC recycling and ITO recovery was done by treating EOL device 

with a single non-volatile inexpensive alkaline solvent. The appropriately recovered ITO had 

shown (optical, surface and electrical) properties close to the reference and was found to be 

suitable for direct reuse as the best power conversion efficiency (PCE) of recycled PSC varied 

only 0.85 % less than the initial device.  

 

Keywords: Photovoltaic wastes, Life cycle cost, Sustainable energy, Recycling 

 

1. Introduction 

In recent years there has been an increased interest in the research of new generation solar cells 

and its technological upgradations [1-6]. It is due to the fact that they allow fast, simple, efficient 

and large-volume processing. Among them, perovskite solar cells are the most attractive 

because of their appreciable efficiency [7-16]. The commercial applications of such devices, 

especially in energy harvesting and portable/disposable electronics, are eminent because of their 

efficient performance and ease of large scale processing. However these devices possess very 

low lifetime compared to its silicon counterpart. Thus it will be a challenge to handle 
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sustainably the appreciable amount of photovoltaic wastes these devices would generate once 

the technology is commercialised. Despite the significant efforts to find replacement for indium 

tin oxide (ITO), it is still an essential component of new generation solar cells. ITO films are 

widely utilized in different applications due to its properties such as excellent optical 

transmittance in the visible and near-infrared regions [17] and low resistivity [18,19]. 

Applications as such as transparent electrodes in photovoltaic devices and organic light emitting 

diodes (OLEDs), transparent conductive coatings for displays, in touch screens, in electronic 

ink and EMI shielding can be mentioned as examples. However, ITO is becoming very 

expensive due to the limited supply of indium and the geopolitical state of its main reserves 

[20]. It has to be also noted that the deposition and patterning cost for ITO also accounts to 

additional expenses in the manufacturing process of these photovoltaic devices. ITO could 

contribute to almost 51.2% [20] of the overall material cost during commercial production of 

new generation solar cells. The successful implementation of a technique to efficiently reuse 

ITO could tremendously reduce the manufacturing cost of these devices.  

 

Apart from inventing solutions to tackle the higher cost of the ITO in photovoltaic devices, it 

is also necessary to reduce wastes the photovoltaics (PV) will create once the device reaches its 

end-of-lifetime (EOL). Europe holds the biggest PV device installed capacity, representing 70% 

of the total capacity worldwide [21]. The annual PV installation in Europe significantly rose 

over a decade from 58 MW/year in 2000 up to 222 GW/year in 2015 [21]. The European Union 

(EU) strategy for climate and energy imposes member state to achieve a target of 27 % share 

from enewable energy to be consumed in the EU by 2030 [21]. The PV devices could provide 

clean energy while satisfying a share of global energy demand, however it has to be noted that 

these devices have the potential of generating significant EOL waste products once it reaches 

its lifetime. According to the global waste projections by International Renewable Energy 

Agency (IRENA) [22], it is estimated that the cumulative photovoltaic waste by early loss 

scenario would reach 78 million tonnes by 2050. In the case of next generation PV technologies 

such as perovskite devices, the occurrence of significant EOL waste products is more likely 

because of its technology limitation. 

 

After realizing the huge environmental impact the PV devices could create, few European 

organizations such as PV cycle, Deutsche Solar, Saperatec, Lobbe and FRELP started PV 

recycling initiatives recently, but many of them are still in its pilot stage. However the recycling 

of photovoltaic devices has estimated to be a billion dollar industry by 2050 [22]. During 
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recycling, the PV panels are completely crushed and only valuable materials are recovered, 

purified and recycled. Recycling process is not cheap either considering the fact that these are 

energy and time intensive processes [23]. It should be also noted that the EOL PV panels need 

to be collected from various locations and transported through vast distances and thus 

increasing the cost of overall recycling. From that perspective, the new generation thin film 

solar cells such as organic and perovskite photovoltaic devices has a clear advantage over 

traditional counterpart such as silicon PV because of their low weight and ease of transportation. 

It has been also reported [24] that the life-cycle impacts of new generation photovoltaic devices 

are lower than silicon in terms of payback times for energy and carbon.  

 

The method to reduce the impact of photovoltaic wastes on environment is to either recycle or 

reuse the devices during its life cycle. Recycling is an energy intensive procedure compared to 

reuse strategy. For instance the normal recycling process for solar cells would include complete 

crushing of the EOL panels in to small pieces and subject them to the clarification process to 

extract valuable elements or components which demands significant amount of time and 

resources. The systematic reuse of essential components of PV devices is much better option 

because it saves the energy that comes with material, purification, patterning and re-

manufacture of the components for the devices. The encapsulation removal and design 

techniques are already addressed in the thin film devices recycling industry [25-27 ] , and that 

is why we have explored the prospects of patterned ITO recovery together the substrate beneath 

the electrodes and component layers. The developed reuse technique was found to be fast, and 

inexpensive. The novel aspect of the proposed method is the use of one single non-volatile 

alkaline solvent for the whole essential component severance process, which enables fast, 

inexpensive and eco-friendly recovery process thus saving energy, time and cost.   

 

2. Experimental 

 

2.1 Materials and device fabrication 

 

The square glass substrate with dimension of 6.25 cm2 was patterned in the middle part with a 

1.3 cm wide ITO stripe. These substrates were provided by Thin Film Devices Inc.,                  

TFD.  The ITO thickness was 150 nm and had an average sheet resistance around 24 Ω/□.                         

The hole transporting layer poly3,4-ethylenedioxythiophene-polystyrenesulfonate 

(PEDOT:PSS) - PH500 was supplied by Hereaus. The substrates were first cleaned with acetone 
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followed by isopropanol (IPA) and methanol. Then it was plasma treated by Plasma PREEN 

II-862 Asher (60W, flow rate 4.5 SCFM) for 5 minutes. In further step, the PH500 solution was 

spin coated at 6000 RPM for 30 s on the previously treated substrates and then underwent 

vacuum drying at a temperature of 120 ⁰C for 1 hour.   

 

    The inverted perovskite solar cells studied in this article were manufactured by two step 

process inside inert nitrogen glovebox. The solutions for spin coating lead iodide (PbI2) and 

methylammounium iodide (MAI) layers were made by dissolving 450 mg/ml of PbI2 in DMF 

and 40 mg/ml of MAI in IPA respectively. The solution of  phenyl-C61-butyric acid methyl 

ester (PC60BM) with a concentration of 50 mg/ml in 1,2-dichlorobenzene was also made for 

electron transporting layer. The PbI2 and MAI were supplied by Sigma Aldrich and PC60BM 

was supplied by Ossila. These solutions were stirred on the hot plate at 70 ⁰C overnight. The 

perovskite layer was formed by successively spin coating PbI2 and MAI layers with annealing 

treatments. The PbI2 and MAI layers were spin coated at 5000 RPM for 30s and annealed for  

2 hours at 90 ⁰C. After this step, the PC60BM layer was spin coated at 1000 RPM for 30s and 

annealed at 110 ⁰C for 30 minutes. Further a 5 nm thick calcium layer and 100 nm thick 

aluminium layer were deposited as electrodes by vacuum vapour deposition at    10-7 Torr. The 

finished device cell module contained 5 working cells with an active area of 15 mm2 each. In 

the recovery stage, the perovskite solar cells were treated with potassium hydroxide (KOH) 

solution at different concentrations for a duration of 5 minutes. The KOH utilised in the 

experiment was obtained as pellets from Sigma Aldrich and its various concentrations were 

obtained by dissolving appropriately in distilled deionised (DI) water. The recovered ITO 

utilised to produce new batch of perovskite solar cells by repeating the same manufacturing 

protocols as mentioned previously. Two cell modules each were manufactured for each type of 

substrates such as reference ITO, recovered ITO with different KOH concentrations (0.5 M, 1 

M, 1.5 M), 1.5 M KOH treated reference ITO and deionised water washed recovered ITO.  

 

2.3 Device characterization 

 

The photovoltaic characteristics of the inverted PSC device produced in the work, were 

investigated under  an Air mass 1.5 Global (AM 1.5G), class AAA (Oriel Inc.) solar simulator 

light source. The light intensity was calibrated to be 100 mW/ cm2 by using NREL calibrated 

crystalline silicon reference cell. The parameters such as open circuit voltage (Voc), short 

circuit current density (Jsc), Fill factor (FF), power conversion efficiency (PCE) were obtained 
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from the corresponding J-V curve measured. For each type of recovered and reference 

substrates, the average of photovoltaic parameters were taken of 10 working cells (2 modules 

with 5 functioning cells). The measurement were done under reverse scan. The measurements 

of the non-encapsulated perovskite solar cell devices were done inside the inert glovebox to 

avoid the degradation from oxygen or moisture. Although these constructed devices were 

functional, they were equivalently treated as the EOL devices for ITO recovery part in the 

experiment. 

 

The normal transmittance measurement of the samples recovered with KOH treatment and 

reference samples treated with KOH were performed using spectrophotometer system 

(Optoelectronics Laboratory USA) in the range of 300 nm to 900 nm.  

  

The electrical quality of the reference and recovered substrates were understood by utilising 

both synchronised thermography (ST) technique [28,29] and four probe conductivity 

measurement [30]. The performance of photovoltaic device depends majorly on the quality of 

the ITO substrates used and it was verified in our earlier studies [31]. In ST measurement, the 

samples were subjected to the electrical current which results in heating of the conductive 

channels and its unique behaviour is analysed under Optris PI-640 IR imaging camera. The 

technique was used to understand the electrical uniformity information of the recovered 

substrates and these variations were observed from the correlation with the temperature gradient 

distribution changes according to the differences in the conductive channel. The absolute 

intensity values may vary slightly due to the contact uniformity differences of the probes and 

thus the values are normilized in uniformity analysis. The ST technique mainly correlates 

behaviour of  IR distribution  with the electrical uniformity of the film. The electrical uniformity 

and conductivity studies were carried out in room temperature (22.7 oC) and with a relative 

humidity variation from 18.8 - 19.2 %. The four probe conductivity measurement were also 

conducted simultaneously to derive nominal electrical variations with KOH treatment and 

recovery of ITO. The four probe set up utilised Keithely 2000 multimeter system. The 

conductivity was calculated as an average of measurement over five samples in each treatment.  

 

In order to verify the quality of ITO recovery, X-ray Photolectron spectroscopic analysis was 

conducted on the ITO substrate surface recovered from inverted PSC devices after each type of 

cleaning treatment with KOH. The analysis was conducted by utilising Thermo Fisher 

Scientific ESCALAB 250Xi XPS system. Avantage software was used for the analysis of the 
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data and background subtraction. Monochromatic Al K alpha X-rays (1486.68 eV) were utilised 

for excitation and detection area was set to 900 micrometre in diameter. The detector mode was 

in Constant Analyzer Energy (CAE). Survey scan pass energy was 150 eV with step size of       

1 eV. The chemical states of compounds were identified by analysing the respective 

photoelectron transitions of its corresponding elemental orbitals. 

 

Surface morphology and roughness of the recovered and reference samples were evaluated by 

using atomic force microscopy (AFM, Veeco Dimension 3100 SPM). The AFM images were 

acquired in contact mode in air using conical Si tips (NSC18/Al BS MikroMash, Tallin, 

Estonia). To assess the roughness variation from batch to batch, AFM images for two different 

samples were acquired and the correspondent root mean square (RMS) roughness was obtained 

over 5 x 5 µm2 areas for each sample. All AFM images were analysed using the Gwyddion 

software.  

 

The contact angle measurement was also conducted to analyse the influence of KOH treatment 

on the wettability of the recovered and the reference samples. The Kruss DSA 100 instrument 

was utilised to analyse the contact angle of the treated and the reference samples. In this 

technique, surface energy is calculated from the contact angle obtained from the reference 

liquids, ethylene glycol (EG) and distilled water.  The surface energy is then calculated using 

Rabel-Kaelble method [32,33]. Additionally in order to understand the wettability of the 

component layer, the hole transporting layer PEDOT:PSS was tested. For each liquid, at least 

five contact angles were measured and the results were averaged. 

 

 

3. Results and discussion 

 

3.1 Performance of reference solar cell 

 

The photovoltaic characteristics of the reference inverted perovskite device was analysed and 

J-V characteristics obtained is depicted in Fig.1. The average variation of photovoltaic 

parameters such as PCE, Voc, Jsc and FF among 10 functioning devices were 8.05 %, 0.751 V, 

14.58 mA/cm2 and 73.45 % respectively. The ITO substrates were recovered from these devices 

to demonstrate the applicability of the technique for recovery and reuse process for the EOL-

PSC devices.   
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3.2 Recovery of the ITO substrates back from the EOL devices 

 

In order to recover ITO patterned substrate for the reuse, we have utilised one single alkaline 

solvent for the entire process and the solvent utilised was potassium hydroxide (KOH) solution 

with concentrations 0.5 M, 1 M and 1.5 M. Each devices were treated with KOH solution for a 

duration of 5 minutes to separate the aluminium/calcium electrodes, charge transport layers, 

active layer and finally recovering clean ITO patterned glass substrates. Within the specified 

exposure duration, the layers were autonomously separated as depicted in Fig.2. The efficiency 

and rate of component layer severance varied with the concentration of the solvent used, as 

depicted in Fig.3.  

The use of lower concentration KOH such as 0.5 M and 1 M resulted in inefficient removal as 

varied accumulation of residues from component layers on could be observed on the ITO 

surface. These residues or impurities on ITO can have impact on the electrical uniformity and 

its surface property and is necessary to get rid of them. However, the KOH at 1.5 M 

concentration was found to be very efficient in recovering clean looking patterned ITO 

substrates, as demonstrated in Fig.3. For each concentration of KOH treatment in recovery 

process, there were at least five working device modules utilised for repetition and the same 

phenomenon was observed consistently. 

 

3.3 Properties of the recovered substrates 

  

3.3 (a) Optical transmittance  

 

As it was observed earlier, the quality of the recovery of the substrate varied with the 

concentration of the KOH and duration through which the treatment was done. The lower 

concentration treatment left behind more impurities which also resulted in transmittance 

variations, observed in Fig.4. The transmittance difference of the samples recovered and 

reference ITO treated with various KOH concentrations are depicted in Fig.4 (a) & (b). For 

reference ITO treated with KOH, there was not any significant difference in transmittance. 

 

3.3 (b) Electrical uniformity  
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The electrical uniformity of the various recovered substrates were analysed by the synchronised 

thermography technique. Normal conductivity measurement enables only understanding 

superficial variations since the current may choose the shortest conductive channels, thus 

missing information on inhomogenities. Electrical uniformity for ITO is crucial in PSC devices 

and thus the information regarding the conformal congruency in conductivity of the samples 

were initially analysed by ST. The experimental ST setup is illustrated in Fig.5.   

 

The samples under study were reference ITO, reference ITO treated with KOH at different 

concentrations (0.5 M, 1 M, 1.5 M) and recovered ITO substrates from the perovskite devices 

with KOH treatment at various concentrations. Depending on the impurities and surface 

variations present on the sample surface, the conformal electrical uniformity is recognised from 

the infrared distribution on the sample under measurement. The  electrical uniformity behaviour 

from the ST measurement of the reference ITO and under treatment with KOH is shown in 

Fig.6. 

 

From the above measurements, it could be observed that by simple treatment of KOH till           

1.5 M concentration on the pristine ITO surface does not change its electrical uniformity. The 

ST imaging conducted on recovered ITO from PSC devices is shown in Fig.7. 

 

 

However from the Fig.7, the electrical uniformity variations can be observed in recovered 

samples treated at lower concentration KOH. This is mainly due to the inhomegenities formed 

on the surface due to inefficient removal of unsought layers. The presence of residues from the 

electrodes and component layers also contributes in increased resistance and distort the 

conductive channels. This was understood from the four probe conductivity measurement as 

well (See Fig.8). The sheet resistance decreased in the recovered substrates as the concentration 

of KOH was increased, and it was found to be dependent on the removal of the residues of the 

PSC device since the sheet resistance of reference ITO treated with KOH varied only slight 

from  the reference ITO. 

 

    

3.3 (c) Chemical properties 

 

The recovered ITO substrates by lower concentration KOH left higher traces of the impurities. 

The effectivity of various KOH treatment in recovering ITO substrates was verified with XPS 
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analysis. In the Fig.9, XPS survey scans of reference and recovered ITO substrates through 

various KOH treatment are shown. 

 

The characteristics of ITO in reference substrates was verified with observation of In 3d peak 

at 443.6 eV, Sn 3d at 485.75 eV, O 1s at 529.71 eV in Fig.9 (a). In Fig.9 (b) and (c), the slight 

intensity variations of those peaks were observed due to the presence of impurities covering the 

surface. However the intensity levels for the perfectly recovered substrates, as in Fig.9 (d) were 

close to the reference. In the case of  0.5 M recovered ITO, as shown in Fig. 9(b), significantly 

higher traces of impurities was observed and they were originated mainly from electrode layers 

such as Ca (Ca 2p at 346.47 eV) and Al (Al 2p at 78 eV,) potassium (K) (K 2p at 293.18 eV) 

from the treating solvent and perovskite active layers (I 3d observed at 618.92 eV nad Pb 4f at 

137.14). As the concentration of KOH treatment is increased for ITO recovery, less residues of 

component layers are observed (Fig.9 (c) and (d) supporting the previously observed optical 

and physical properties of the samples in Fig.3 and Fig.4 (a). However, the presence of 

potassium peaks was increasing as the ITO substrates were recovered with higher concentrated 

of KOH solution. From the previous optical and conductivity measurements, it was found that 

such presence of potassium impurities may not have any negative influence. 

 

 

 

3.3 (d) Morphology and roughness analysis via AFM 

 

The AFM image acquisition of recovered ITO using lower concentrations of KOH (i.e. 0.5 M 

and 1 M) demonstrated to be challenged most probably due to the appreciable level of PSC 

component layer residues on the surface, which is consistent with our previous investigations 

(Fig. 3 and Fig. 9). In contrast to this result, AFM topography images were successfully 

obtained for reference ITO, reference ITO treated with 1.5 M KOH and recovered ITO with  

1.5 M KOH (Fig. 10).  

 

The topography images showed a continuous and uniform grain-like structure along the surface 

for all samples. Depending of the sample and scanned area, larger grain-like structures can be 

observed on reference ITO treated with 1.5 M KOH and recovered ITO with 1.5 M KOH 

indicating the presence of  K  residues as detected by XPS. It was also observed that the residues 

of KOH attached on reference ITO treated surface is lesser in the case of recovered substrates 
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with 1.5 M KOH. This can be explained by the fact that during the treatment for recovering 

ITO from PSC, the KOH is first in contact to the component layers during initial duration of 

treatment and mostly take part in removing PSC component layers rather than adhering to ITO. 

However, in the case of pristine ITO treated with KOH, the ITO surface has longer exposure 

for direct contact of KOH during treatment. This also explains the slight occasional increase in 

KOH agglomerates on reference ITO treated with 1.5 M KOH. Accordingly, the observed RMS 

roughness variation for recovered ITO at high concentration of KOH is either close to or within 

the error limit of the variations in the reference ITO itself (Table 1).  

 

Similar results were obtained for recovered ITO with 1.5 M KOH washed with DI water 

(RMS1.08 nm). Therefore, from AFM image analysis clearly indicated that, besides the 

presence of K residues, the proposed method to recover ITO from PSC is effective regarding 

the morphology and roughness aspects.  

  

 

3.3 (e) Surface energy and Contact angle Measurements 

 

In order to understand the surface energy changes on the recovered samples, contact angle 

measurements were conducted utilising Kruss DSA 100 device. The effect of the wettability of 

reference liquids and component layer PEDOT:PSS on various ITO substrates are shown in 

Table. 2. In the case of reference ITO substrate, the total surface energy was found to be       

34.87 mN/m, where the disperse and polar components were 18.43 mN/m and 16.44 mN/m 

respectively.  

 

From the data in Table.2, it could be observed that the wettability of the component layer 

(PEDOT:PSS) slightly varies in comparison with the reference liquids and this is probably due 

to the interaction of PEDOT:PSS on the impurities and concertation of KOH treatment. It is 

very evident that the wettability improves with the concentration of KOH used in the recovery 

process. If the recovered samples are washed with DI water, the contact angle is slightly 

increased, probably due to the removal of KOH residues. In the case of reference samples 

treated with 1.5 M KOH, complete wettability is observed for all the test liquid and 

PEDOT:PSS layer. Since the ITO in reference sample has long exposure for the KOH during 

the treatment in comparison with recovered samples, the surface energy properties are improved 

in reference ITO. This observation is also well in line with the AFM measurments. These results 

suggests that KOH treatment of ITO has in fact a positive influence on the wetting properties 
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being thus beneficial in the application of PSC devices as the layers would have better adhesion 

and uniformity. 

 

3.4 Reuse of the recovered ITO substrates in manufacturing of fresh photovoltaic devices 

 

 

In this study, the fresh PSC structures were implemented on ITO substrates recovered with 

various KOH concentrations (0.5 M, 1 M and 1.5 M), reference ITO, DI water washed 1.5 M 

KOH recovered ITO and reference ITO treated with 1.5 M KOH. The J-V characteristics of the 

best functioning cells are depicted in Fig.11 and the average variation of its photovoltaic 

parameters are illustrated in Fig.12. 

Power conversion efficiency (PCE) of a photovoltaic device is the product of parameters such 

as Current desnity (Jsc), open circuit voltage (Voc) and its fill factor (FF). The changes in any 

of these parameters are reflected in the PCE value. In Fig.12 (a), the results clearly shows that 

PCE increases as the KOH concentration is increased up to 1.5 M, which in turn results in 

cleaner ITO recovery. The PCE of devices made from deionised water washed ITO substrates, 

recovered by 1.5 M KOH, does not significantly differ from the devices made without washing 

treatment. In addition, a 1.5 M KOH treatment with 5 minutes is enough to get a quality ITO 

of around 7.2 % while the average reference PCE of reference is around 8.05%. The 

pristine/reference ITO when treated with KOH shows an increase in average PCE up to 8.25%, 

which demonstrate the simple KOH treatment has some positive effect on reference ITO. This 

observation could be explained by the contact angle measurement ( Table. 2), in which it was 

found that the wettability of the component layers significantly increases with KOH treatment 

of the reference samples.  

 

The behavior of current density variation observed in Fig.12 (b) is in correlation with our 

previous ST measurement (Fig.6, Fig.7) and conductivity measurement (Fig.8). It was 

predominantly observed that when the component layer residues were removed through 

variation in KOH concentration of treatment, the initially increased sheet resistance reduced 

appreciably and moved closer to the range of original reference value. This explains the increase 

in Jsc value as the substrate is recovered efficiently. The increase in wettability contributed by 

KOH also results in efficient charge transport which explains the higher Jsc in reference treated 

ITO. 
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From XPS analysis (Fig.9), it was found that with 0.5 M recovered ITO, there was larger traces 

of electrode residues of calcium (Ca) and aluminum (Al) in addition to lead and iodide. In 

Fig.12(c), the presence of such impurities could change the work function of ITO and it was 

reflected in the drastic decrease in the Voc value at 0.5 M recovered ITO. These results might 

also suggest that the effect of cathode electrode impuritie have significant influence on Voc,  

compared to the impurities from perovskites since the electrode residuals were almost removed 

on and beyond 1M KOH treated samples. The observation is in correlation with the recovery in 

Voc value after 0.5M KOH recovered ITO samples .   

 

In Fig. 12(d), the fill factor (FF) is significantly lower for the recreated PSC devices on the 

surface of lower concentration KOH recovered ITO samples. The value of fill factor majorly 

depend on various losses such as interfacial losses between the component layers and parasitic 

losses. These losses also includes inefficient charge transport issues, and the presence of 

impurities might also contribute to inefficient charge transport. It can be observed from Table.2 

that the wettability of the substrates increased with the concentration of KOH used in treatment. 

As the wettability is higher, there is improved contact area between the component layers, 

which makes it possible for efficient transport of generated charges. This also reflect in higher 

FF. However there are electrode and component layer impurities present in samples till 1 M 

KOH recovered substrates, which might contribute to inefficient charge transport thus reducing 

FF. However on and beyond 1.5 M recovered ITO which is clean and devoid of component and 

active layer impurities and has higher wettability thus have higher FF. Also it was found that 

reference ITO treated with KOH has way higher wettability and is in conjunction with the 

observed effect. 

 

4. Conclusions 

 

The effective recovery of ITO from functional and EOL perovskite solar cell devices with a 

single non-volatile and inexpensive solvent is demonstrated in this work.  The intact patterned 

ITO substrates were successfully recovered within 5 minutes. Our optical, electrical and surface 

quality measurements revealed the fact that electrode and component layer impurities were 

efficiently removed by proper KOH treatment. The ideally recovered ITO substrates in this 

work possessed good transmittance and electrical uniformity close to the reference samples. 

Moreover, with and without DI water washing on top of recovered substrates did not 

significantly differed in performance. This reveals the fact the use of multiple solvents could 
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be avoided which makes the overall process cost effective. This technique is very simple, fast 

and eco-friendly, and the solution utilised for severance process is non-volatile which makes it 

easier for industrial application. For making large scale recovery process much more practical, 

the encapsulation of these devices could be designed to be easily segregated. The developed 

technique could be modified to be utilised in recovery of valuable components in other thin film 

solar cells as well. 
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Figure Captions: 

 

Fig.1  J-V characteristics of the inverted perovskite solar cell (reference) under reverse scan. 

Fig.2 (i) Device structure, (ii) Functional reference PSC, (iii) Optimal KOH treatment of the device  

resulting in recovery of ITO substrate. 

     

Fig.3  Effect of various KOH concentration in recovery of intact patterned ITO substrate from  

an inverted perovskite solar cell (PSC). 

 

 

Fig.4.(a) Optical transmittance of recovered samples from PSC with various KOH concentrations, (b) 

Optical transmittance of reference sample treated with KOH at different concentration. 

Fig.5. Synchronized thermography set up, the electrical uniformity of the sample understood by 

corresponding IR distribution. 

 

Fig.6 ST images of  (a) reference ITO, and reference ITO samples treated  with (b) 0.5 M (c) 1 M (d) 

1.5 M  KOH,, measurement evolved over 60s. 

 

Fig.7. ST images of (a) reference ITO, recovered samples of ITO from PSC with, (b) 0.5 M (c) 1 M,    

 (d) 1.5 M KOH treatment, and measurement evolved over 60s. 

 

Fig.8   Four probe conductivity measurement of the recovered ITO samples and reference samples  

treated with KOH.              

 

 

Fig.9   XPS analysis of samples (a) reference untreated ITO (b) recovered from perovskite solar cell  

(PSC) with 0.5 M KOH (c) recovered from PSC with 1 M KOH (d) recovered from PSC with 1.5 M    

KOH. 

 
Fig.10   AFM topography images for (a) reference ITO, (b) reference ITO treated with 1.5 M KOH and    

(c) recovered ITO from PSC with 1.5 M KOH treatment. Scale bar: 1µm. 

 

Table 1. RMS roughness values obtained over 5  5 m2 AFM topography images. (*) The value of 

2.34 nm is obtained for the image as it is shown in Figure 10 (b), by excluding the agglomerates prior 

RMS analysis the value drops to 1.05 nm. 

 

Table 2. Contact angle measurements conducted on different ITO substrates obtained through recovery 

from PSC devices by KOH as well as reference ITOs. (*) The Kruss DSA system is not able to measure 
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very low contact angle and detect it as θ < 10 ⁰, which also indicates very high level of wettability and 

significant increase in surface energy. 

 

Fig.11  J-V characteristics (reverse scan)of the best working devices produced on top of recovered                    

and reference ITO. 

 

 

Fig.12 Average variation of photovoltaic parameters such as (a) PCE, (b) Jsc, (c) Voc and (d) FF as the 

PSC´s are implemented on top of reference ITO, recovered ITOs, deionized water washed recovered 

ITO and KOH treated reference ITO´s respectively.  
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Sample Description Roughness RMS (nm) 

 Sample #1 Sample #2 

Reference ITO 1.26 1.06 

1.5 M KOH treated reference ITO 2.34/1.05(*) 1.09 

ITO recovered from PSC with 1.5M KOH 1.32 1.17 
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