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A B S T R A C T   

Various strategies have been adapted to fabricate stable organic-inorganic hybrid perovskite 
(PVT) solar cells (PSCs). The triple-cation (CH3NH3

+ (MA+), CH3(NH2)2+ (FA+), and Cs+) along 
with dual-anion (I− and Br− )-based PVT (TC-PVT) layer offers better stability than single cation- 
based PVTs. The deprivation of the PVT absorber is also influenced by the interface of the 
absorber with the charge transport layer (electron transport layer (ETL) and hole transport layer 
(HTL)). Here, the degradation of the TC-PVT coated on Al-doped zinc oxide (AZO) as well as FTO/ 
AZO/TC-PVT/HTL structured PSC was examined for various Al to Zn molar ratio (RAl/Zn) of AZO. 
The PL decay study of FTO/AZO/TC-PVT revealed that the lowest degradation in the power 
(35.38%) was observed for the AZO with RAl/Zn of 5%. Furthermore, the PV cell parameters of the 
PSCs were analytically determined to explore the losses in the PSCs during degradation. The shunt 
resistance reduction was maximum (50.32%) for RAl/Zn = 10%, whereas, minimum shunt loss 
(7.33%) for RAl/Zn of 2%. The highest loss due to series resistance was observed for RAl/Zn of 0%. 
The changes in diode ideality factor (n) and reverse saturation current density (J0) were the 
smallest for RAl/Znof 10%.   

1. Introduction 

Recently, organometal halide perovskite (PVT) materials have been paid more attention as solar radiation absorbers [1–3]. The 
power conversion efficiency (η) of PVT-based solar cells (PSCs) has risen steeply from 3.8% to more than 25.7% in just a few years [4]. 
The PVT active layer can be synthesized via a solution process [2], and it offers a tunable optical bandgap [5]. Moreover, PVT exhibits 
high absorption and exceptional carrier lifetimes [6,7]. 
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Thus, PSCs are attracting more attention from the photovoltaic (PV) community [8–10]. However, the stability issue limits their 
practical application [11]. The presence of weak Pb-X bonds in PVT is the key factor for the degradation of the PVT layer under UV 
radiation, hot, and humid environments (X stands for Cl, Br, or I) [12,13]. The degradation of the PSCs can be alleviated via the 
formation of the high-quality PVT layer [14] as well as the selection of the charge transport layers. Generally, n-type material is used as 
an electron transport layer (ETL), however, p-type material is used as a hole transport layer (HTL) [15,16]. The rate of degradation of 
the PVT layers is slow at a temperature below 85 ◦C, nevertheless, a quick degradation was observed at elevated temperatures [17,18]. 
It was observed that the CH3NH3PbI3 perovskite layer can easily decompose into PbI2 and CH3NH3I in open air or moisture [19,20]. 
Moreover, the CH3(NH2)2PbI3 perovskite layer exhibits two phases; the first (α)-phase is promising for solar cell application [21]. 
However, the second (δ)-phase is unresponsive to light, thus, unfortunate for PSCs [21]. Besides, the α-phase can easily convert into the 
δ-phase in presence of air or moisture [22]. However, triple-cation (CH3NH3

+ (MA+), CH3(NH2)2
+ (FA+), Cs+) along with dual-anion (I−

and Br− )-based PVT (TC-PVT, Cs0.05(FA0.77MA0.17)Pb(I2.53Br0.47)) layer offers better stability than single cation-based PVTs [23,24]. 
The formation of Cs-X ionic bonding is also improving the stability of the TC-PVT absorber. 

It was observed that inorganic ETLs provide more stable PSCs than organic ETLs. Among the inorganic ETLs, ZnO has admirable 
electron mobility and is easy to coat, which offers superior and cost-effective PSCs [25]. Nevertheless, several charge trap centers are 
created at the interface between ZnO and PVT, which lessens the η of the PSCs [25]. The performance and stability of the ZnO-based 
PSCs can be improved by replacing the ZnO with Al-doped ZnO (AZO) [26]. The dependency of the performance of AZO-based PSC on 
Al doping was already investigated [27]. The degradation of the PSCs is also important to be investigated for the deployment of the 
technology [28]. In this regard, the performance parameter degradation was investigated in our previous study [27]. The losses that 
occurred during the degradation can be examined via analysis of the PV cell parameters (photogenerated current density (Jph), shunt 
resistance (Rsh), series resistance (Rs), diode ideality factor (n), and reverse saturation current density (J0)). Because the performance 
of the PV devices is directed by the PV cell parameters [29]. Thus, the investigation of the PV cell parameters is vital to analyze the 
losses occurring during the degradation of the PSCs. 

In this work, the degradation of Cs0.05(FA0.77MA0.17)Pb(I2.53Br0.47) triple-cation and double-anion TC-PVT is on AZO layers 
(various Al/Zn molar ratio (RAl/Zn)) using time-resolved photoluminescence decay analysis. Furthermore, the PV cell parameters of the 
AZO ETL-based PSCs were analytically predicted using the illuminated current density-voltage (J-V) characteristics. By analysis of the 
PV cell parameter, the origin of the losses was examined. 

2. Theoretical 

The PV cell parameters were predicted analytically [30] using Eqs. (1)–(5). This technique uses the inverse of slopes 1/(dJ/dV) of 
an illuminated current density-voltage (J-V) characteristic at open (Roc) and short (Rsc) circuit conditions. For the determination of the 
PV cell parameters, the voltage and current density at maximum power point along with thermal voltage (VT = kT/q) are also needed. 
Where, k = Boltzmann’s constant, T = temperature of the PSCs, and q = charge of the electron [29]. 
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The PV cell parameters can be predicted as follows:  

(i) Rsh is predicted using Eq. (1)  
(ii) The value of n is predicted using Eq. (2)  

(iii) J0 is predicted using Eq. (3)  
(iv) Rs is predicted Eq. (4)  
(v) Jph is predicted using Eq. (5) 
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3. Materials and methods 

3.1. Chemicals 

Zinc acetate dehydrate (99.999%), aluminum nitrate nonahydrate (99.99%), methanol (anhydrous, 99.8%), potassium hydroxide 
(KOH, ≥85%), formamidinium iodide (FAI, anhydrous, ≥99%), methylammonium iodide (MAI, anhydrous, ≥99%), lead iodide (PbI2, 
99.999%), lead iodide (PbBr2, 99.999%), dimethyl sulfoxide (DMSO, anhydrous, 99.9%), and N,N-dimethylformamide (DMF, 
anhydrous, 99.8%) were purchased from Sigma-Aldrich. 

3.2. Material synthesis 

The AZO nanoparticles (AZO NPs) were coated for the ETL formation. The zinc acetate dihydrate and aluminum nitrate non
ahydrate precursors were used as Zn and Al sources, respectively. The detailed synthesis process is reported elsewhere [31]. In brief, 
the zinc acetate dihydrate was dissolved in methanol (107.2 mol/L) including aluminum nitrate nonahydrate with an Al to Zn molar 
ratio (RAl/Zn) of 1 to 10%. The chemical reaction was carried out at 65 ◦C by adding KOH (dissolved in methanol) during the stirring. 
After stirring for 4 h, the resulting solution was kept to precipitate AZO NPs. The NPs were collected via filtration followed by washing 
in methanol. Finally, the AZO NPs were annealed at 500 ◦C for 1 h in air. Hereafter, the AZO NPs with RAl/Zn = 0%, 1%, 2%, 5%, and 
10% will be mentioned as AZO0, AZO1, AZO2, AZO5, and AZO10, respectively. For simplicity, undoped ZnO was referred to as AZO0. 
The AZO NPs were depressed in 1-butanol to get an AZO solution of concentration 10 mg/ml. 

To synthesize the perovskite layer, FAI, MAI, PbI2, and PbBr2 were dissolved in the mixed solvent of DMSO and DMF in 1:4 (v/v). 
The concentrations of the FAI, MAI, PbI2, and PbBr2 were 1.0, 0.2, 1.1, and 0.2 M, respectively. A separate solution was prepared by 
dissolving 5% (wt./vol.) in DMSO, which was added to the first solution. The details synthesis process can be found elsewhere [23,24]. 
However, the HTL was synthesized as per our previous report [31]. 

3.3. Material characterization 

The crystallinity of the samples was studied using X-ray diffraction (XRD; Empyrean, PanAnalytical HR-XRD system). Atomic force 
microscopy (AFM) (M/s Park systems, XE-150) was used to examine the surface roughness. The morphology of the TC-PVT layer was 
elucidated using field-emission scanning electron microscopy (FESEM, Model: S-4800) was employed. The absorbance spectra were 
acquired using PerkinElmer UV–Vis–NIR (Model: Lamda 750). Hamamatsu spectrofluorometer (Model: C10627) was used to acquire 
the time-resolved photoluminescence (TRPL) spectra of the TC-PVT layer. 

3.4. PSC fabrication 

Fluorine-doped tin oxide (FTO) glass was washed away with detergent. After drying, the FTO was cleaned in isopropanol and 
ethanol via sonicated. Then boiled piranha solution was used for further cleaning followed by drying in N2. The samples were Ozone 
treated before ZnO barrier layer deposition via an atomic layer deposition (ALD) process [32]. AZO ETL layer was applied via spin 
coating of the AZO solution to prepare ETL at a spin speed of 3000 rpm for 60 s. The TC-PVT layer formed a two-step spin-coating 
process (1000 rpm for 10 s + 4000 rpm for 20 s). Then the perovskite layer was annealed at 100 ◦C for 30 min under an N2 atmosphere. 

Fig. 1. Schematic of the methodology adopted for the degradation study.  
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The HTL layer was deposited at 4000 rpm for 30 s. The TC-PVT and HTL layers were coated in an Ar-filled glove box. The contact was 
made via Au (80 nm) deposition using electron beam evaporation. 

3.5. PSC characterization 

The active area of the cells used for J-V characteristics was ~0.05 cm2. The J-V characterization was carried out using a source
meter (Keithley, Model: 2400) under simulated illumination (AM1.5G) of intensity 100 mW/cm2. The simulated illumination was 
obtained from a solar simulator system (M/s New-port, 91192). The illumination intensity was calibrated using a silicon solar cell 
(reference cell) obtained from PV Measurement Incorporation, USA. 

3.6. Degradation study 

The degradation study was carried out for the TC-PVT layer coated on the bare glass as well as on Glass/ETL. The perovskite layer 
along with PSCs was retained in the open atmosphere for 7 days. The samples were characterized via visualization, XRD, FESEM, PL 

Fig. 2. Field emission scanning electron microscopy (FESEM) images of (a) AZO0, (b) AZO1, (c) AZO2, (d) AZO5, and (e) AZO10 nanoparticles. In 
the inset, corresponding cross-sectional FESEM images. 

Fig. 3. The energy dispersive X-ray spectroscopy (EDS) of AZO10.  
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decay, and J-V measurement to examine the degradation of the perovskite layers and cells. The performance and PV cell parameters 
were analyzed to examine the degradation in the cells. The schematic for the degradation study is illustrated in Fig. 1. 

4. Results and discussion 

4.1. Morphological properties of AZO 

The morphological studies of the AZO NPs were carried out before AZO layer formation. Fig. 2 displays the FESEM images of the 
agglomerated AZO NPs. Furthermore, the AZO layers are coated on the glass surface to study the root mean square (RMS) surface 
roughness of the AZO ETLs. The energy dispersive X-ray spectroscopy (EDS) analysis was carried out for the elemental analysis. The 
EDS mapping of AZO10 confirms the doping of Al in ZnO. Also, the elements are uniformly distributed over the surface (Fig. 3a–d). The 
elemental composition was also determined by an X-Ray fluorescence (XRF) spectrometer. The values of RAl/Zn obtained for AZO1, 
AZO2, AZO5, and AZO1O are 0.98, 1.94, 4.87, and 9.57%, respectively. The AFM images of the AZO ETLs are shown in Fig. 4. The 
obtained RMS surface roughness values are 6.50, 4.68, 4.12, 3.18, and 4.63 nm for the ETL of AZO0, AZO1, AZO2, AZO5, and AZO10, 
respectively. 

Fig. 4. AFM images of AZO ETL for Al/Zn molar ratio of (a) 0%, (b) 1%, (c) 2%, (d) 5%, and (e) 10%, coated on the glass surface.  

Fig. 5. Optical images of (a) freshly coated TC-PVT layer, degraded TC-PVT layer on glass/AZO for Al contents of (b) 0%, (c) 1%, (d) 2%, (e) 5%, 
and (f) 10%. 
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4.2. Visual inspection of TC-PVT layers 

For the visual inspection of the degraded TC-PVT layer under varying humidity, the optical images of the TC-PVT layers deposited 
onto bare glass and glass/AZO are shown in Fig. 5. The fresh TC-PVT coated layer on bare glass is considered as a reference sample 
(Fig. 5a). It can be seen that the freshly coated sample has a dark brown color. Fig. 5(b–f) shows the optical images of the degraded TC- 
PVT coated onto the AZO layers of various RAl/Zn. It seems that the color TC-PVT layer for RAl/Zn = 0% (Fig. 5b) and RAl/Zn = 10% 
(Fig. 5f) was greatly affected, which confirmed that an immense degradation has occurred in the TC-PVT layers coated onto glass/ 
AZO0 and glass/AZO10. However, the colors of the TC-PVT on the glass/AZO1 (Fig. 5c) and glass/AZO2 (Fig. 5d) are slightly changed. 
Thus, it revealed a minor degradation in the TC-PVT layers for the Al contents of 1 and 2%. The least color change of TC-PVT is 
obtained for RAl/Zn = 5%, which indicates the lowermost degradation of the TC-PVT layer for RAl/Zn = 5% (Fig. 5e). 

4.3. Morphology of the TC-PVT 

The surface morphologies of the perovskite layer coated on bare glass, and Glass/ETL are illustrated in Fig. 6. The nanorod-like 
shape is created in the samples; however, the size varies on different substrates. The observed length of the nanorods is 500 nm 
and 2 μm for the TC-PVT layers deposited on bare glass and AZO0, respectively. The length of the nanorod-like structures in other 
samples varies from 2 to 6 μm. The large grain size was observed for the glass/AZO1, glass/AZO2, glass/AZO5, and glass/AZO10, 
which revealed that the grain size of the TC-PVT layer depends on the Al doping of the AZO ETL. Thus, the degradation can vary with 
the Al doping concentration. It was observed that few pinholes are created the after degradation of the TC-PVT layers coated on glass/ 
AZO0 and glass/AZO10 substrates (Fig. 6b and f). The degradation was slightly reduced for the Al doping concentration of 1 and 2% 
(Fig. 6c and d). However, the least degradation was observed for the Al doping concentration of 5% (Fig. 6e). The cross-sectional 

Fig. 6. Field emission scanning electron microscopy images of (a) freshly coated TC-PVT layer, degraded TC-PVT layer AZO ETL for Al/Zn molar 
ratio of (b) 0%, (c) 1%, (d) 2%, (e) 5%, and (f) 10%. 
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FESEM images are shown in the inset of Fig. 6a–e. The observed thicknesses of the AZO layers (~100 nm) are nearly the same in all the 
samples. 

4.4. Structural property of TC-PVT 

It was observed in our previous study that the TC-PVT layer offered XRD peaks at 14.14o, 20.04o, 24.62o, 28.43o, and 31.92o, which 
are allied to (110), (200), (202), (220), and (310) diffraction planes of PVT, respectively (Fig. 7a) [33]. The peak present at 2θ = 14.14o 

revealed the formation of the tetragonal structure [34]. An additional peak at 2θ = 12.65o relating to the (004) plane of PbI2 arose in all 
the degraded samples, which was not seen in the freshly deposited TC-PVT layer. The TC-PVT layer coated on AZO10 showed the 
highest degradation, while the lowest deprivation was observed for the TC-PVT layer deposited on AZO5. Thus, AZO5 ETL can be 
beneficial for the fabrication of stable PSCs. 

Fig. 7. XRD spectra of (a) freshly coated TC-PVT layer, degraded TC-PVT layer, (b) PL decay curves, and (c) PL decay lifetime of freshly coated TC- 
PVT layer and degraded TC-PVT layer on glass/AZO. 

Table 1 
The fitting parameters of the PL decay curves using a bi-exponential model.  

Sample A1 τ1 (ns) A2 τ2 (ns) 

Ref. 0.57 3.62 0.62 61.39 
AZO0 1.06 2.39 0.24 29.37 
AZO1 0.81 3.09 0.35 28.01 
AZO2 0.52 3.31 0.57 34.25 
AZO5 0.84 2.21 0.4 38.51 
AZO10 0.85 1.66 0.33 20.21 

Thus, a lower degradation is observed in the glass/AZO5/TC-PVT sample. However, for the TC-PVT on AZO10, the lowest value of τ2 is 
obtained, which indicates that an uppermost degradation occurred in the TC-PVT layer onto AZO10. 
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4.5. Photoluminescence properties 

The TRPL spectra of the TC-PVT layers deposited on glass and ETL are shown in Fig. 7b. The decay in the TRPL spectra exhibited a 
similar inclination as in the PL [27]. The bi-exponential decay model is employed to fit the experimental data. Thus, the PL decay 
lifetimes were calculated using Eq. (6) [35]. 

I(t) =B1 exp
(

t
τ1

)

+ B2 exp
(

t
τ2

)

(6)  

where, I(t) = PL intensity, B1 and B2 = proportion constants, τ1 = faster decay constant, and τ2 = slower decay constant. 
The value of τ1 is accompanied by the diffusion of photogenerated excitons into defects, however, τ2 is related to exciton lifetime 

[36]. The fitting parameters are tabulated in Table 1. The value of τ2 can be used for degradation analysis. The TC-PVT layers are 
deposited on glass/AZO (no conducting layer between glass and AZO), so there is no charge extraction. In this case, the reduction in the 
value of τ2 is indicative of the degradation. The variation of the τ1 and τ2 is illustrated in Fig. 7c. The TC-PVT layer coated on the 
glass/AZO exhibited a slightly lower τ1 than that deposited on the bare glass. The value of τ2 is reduced to 29.37 ns after degradation of 

Fig. 8. Schematic of the structure of the triple-cation-based perovskite solar cell.  

Fig. 9. Comparison of J-V characteristics of the perovskite solar cells before and after degradation for used ETL (a) AZO0, (b) AZO1, (c) AZO2, (d) 
AZO5, and (e) AZO10. 
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the TC-PVT layer coated on AZO of RAl/Zn = 0%, however, the initial value of τ2 is 61.39 ns. This result revealed that a large 
degradation occurred for the TC-PVT coated onto glass/AZO0. The value of τ2 is slightly reduced to 28.01 ns for RAl/Zn = 1%. With a 
further rise in RAl/Zn, the value of τ2 is increased. It attained the value of 34.25 and 38.51 ns for the TC-PVT layer on coated AZO2 and 
AZO5, respectively. 

4.6. PV cell parameter analysis 

Fig. 8 represents the schematic of the n-i-p structured PSC used for this study. The illuminated J-V curves obtained before and after 
degradation is elucidated in Fig. 9a–e. These J-V curves were used to determine the PV cell parameters. The power density-voltage 
curves are illustrated in Fig. 10a–e. The maximum power point is denoted by the “+” symbol. The overall power loss is represented 
in Fig. 10f. The theoretically predicted PV cell parameter values before and after degradation are provided in Tables 2 and 3, 
respectively. The reliance on the PV cell parameters is elucidated in Fig. 11a–e. The deviations in the PV cell parameters are shown in 
Fig. 12a–e. The trend of change in Jph is the same as in Jsc. After degradation, the losses in the Jsc values are found to be 9.04%, 9.39%, 
10.62%, 5.35%, and 13.02% for the PSCs of AZO0, AZO1, AZO2, AZO5, and AZO10 ETLs, respectively. This confirms that the 
maximum destruction in Jsc is found for AZO10 ETL-based PSC. The values of Rsh are reduced by 27.05%, 10.29%, 7.33%, 7.92%, and 
50.32% for RAl/Zn = 0%, 1%, 2%, 5%, and 10%, respectively. The lowest change in Rsh is obtained for AZO2, while the drop in Rsh value 

Fig. 10. Comparison of P–V characteristics of the perovskite solar cells before and after degradation for used ETL (a) AZO0, (b) AZO1, (c) AZO2, (d) 
AZO5, (e) AZO10, and (f) power losses during degradation of PSCs. 

Table 2 
Theoretically predicted PV parameters before degradation.  

ETL Jph (A/cm2) Rsh (Ωcm2) Rs (Ωcm2) n J0 (A/cm2) 

AZO0 0.01931 806.45 5.20 2.1338 2.5 × 10− 10 

AZO1 0.01988 819.67 5.15 1.9473 4.45 × 10− 11 

AZO2 0.02044 990.10 4.33 1.8328 8.67 × 10− 12 

AZO5 0.01973 1075.27 6.97 1.4739 4.28 × 10− 14 

AZO10 0.01939 1265.83 6.50 2.4240 1.12 × 10− 9  

Table 3 
Theoretically predicted PV parameters after degradation.  

ETL Jph (A/cm2) Rsh (Ωcm2) Rs (Ωcm2) n J0 (A/cm2) 

AZO0 0.01757 588.24 9.79 5.1820 1.57 × 10− 5 

AZO1 0.01802 735.29 7.78 5.4172 1.86 × 10− 5 

AZO2 0.01828 917.43 7.52 4.7253 6.01 × 10− 6 

AZO5 0.01866 990.11 10.29 4.3395 3.43 × 10− 6 

AZO10 0.01682 558.66 6.02 5.0785 9.56 × 10− 6  
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is the highest for AZO10 ETL-based PSC. The shunting is arisen due to leakage current caused by the formation of pinholes or short- 
circuiting at the edge of the PSCs. Usually, the Rsh is interrelated to the localized defect regions containing many trap centers. For an 
ideal PSC, the shunt resistance should be infinite. However, other remaining PV cell parameters are increased after degradation. The 
related enhancement in the Rs values for AZO0, AZO1, AZO2, AZO5, and AZO10 are found to be 88.36%, 51.05%, 64.06%, 47.66%, 
31.92%, respectively. The largest increase of Rs is obtained for AZO0, while the lowest change is found for AZO10. The rise in series 
resistance is due to an increase in the bulk resistances of the TC-PVT layer or interfaces (between PVT and charge-transporting layers, 
or between contacts and charge-transporting layers) during degradation of the PSCs. The n values are greatly increased for the 
degraded PSCs. 

The relative changes in the n values are 142.85%, 178.19%, 165.31%, 171.73%, and 102.94% for AZO0, AZO1, AZO2, AZO5, and 
AZO10 ETL-based PSCs, respectively. After the degradation of the PSCs, the changes in the J0 are found to be too large. The lowest rise 
in the J0 is obtained for AZO10 (~679428%). The values of n and J0 are indicative of the recombination. Due to an increase in the 
recombination, the value of J0 is enhanced. The smallest increase in the J0 for AZO10 ETL-based PSC indicates lower recombination in 
the TC-PVT layer and at the interfaces between TC-PVT and the charge-transporting layers. 

5. Conclusions 

Triple-cation-based perovskite solar cells were fabricated using Al-doped zinc oxide as the electron transport layer. The Al/Zn 
molar ratio was varied from 0 to 10% to investigate the performance and degradation of AZO-based PSCs. The degradation of the 
perovskite layers coated on ETLs was investigated using PL decay. The utmost value of τ2 for the degraded TC-PVT layer was 38.51 ns 
for RAl/Zn = 5% (τ2 = 61.39 ns before degradation). This approves that the lowermost degradation was observed for the TC-PVT layer 
coated on AZO5. Additionally, the deviations in the PV cell parameters of the PSCs were calculated. The changes in Jph and Rsh were 
extreme for AZO10. The lowest change in Jph was obtained for AZO5, however, the smallest change in Rsh was found for AZO2. The 
change in Rs was highest for AZO0 ETL-based PSC. The minimum changes in n and J0 were found for AZO10 ETL-based PSC. 
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