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Abstract 

This work concerns the interpretation of capacitance spectroscopy results in perovskite-based 

solar cells. Based on the deep level transient spectroscopy and admittance spectroscopy 

results, we present arguments that the observable signals in perovskite-based solar cells come 

from anion migration rather than being a response from deep trap energy levels. The ion 

migration parameters, such as activation energy and ion concentration, are calculated and 

compared to theoretical values for different migration paths of ions in perovskites. Those 

parameters evolve with time, reflecting in the degradation of the cells, which we propose to 

link with a change in the anion migration path in perovskite. 

 

1. Introduction 

 Solar cells using perovskite materials are currently the fastest growing photovoltaic 

technology, reaching record efficiencies exceeding 25 %[1]. Their unique properties, such as 

long charge carrier diffusion lengths [2], high mobility of charge carriers [3], high absorption 

coefficient [4], and low exciton binding energy [5], allow perovskite-based solar cells (PSCs) to 

convert solar energy into electricity very efficiently. To fully exploit the potential of perovskite 

materials in photovoltaics, it is essential to know and understand the physical mechanisms 

affecting a solar cell's performance. One of the critical areas regarding solar cell efficiency is 

the physics of defects in the device – their type, parameters, and their role in the solar cell. In 

optoelectronic devices, deep energy levels in the energy gap are introduced by defects, which 

can act as recombination centers that reduce the minority charge carrier lifetime. In solar cells, 

the presence of deep defect levels reduces the number of photogenerated electrons, which 

affects the photovoltaic parameters of a solar cell, such as open-circuit voltage, fill factor, and 

efficiency. 

 Capacitance-based techniques such as admittance spectroscopy (AS) [6] and deep 

level transient spectroscopy (DLTS) [7] are commonly used to investigate defects in solar cells. 

They allow for the determination of the electrical parameters of defects, such as the capture 

and thermal emission rates of charge carriers, the activation energy of these processes, their 

cross-section, and the defect concentration. These techniques have been used to investigate 



defects in various types of semiconductor thin-film solar cells, i.e., in a-Si [8], Cu(In,Ga)Se2 [9], 

or CdTe [10] – based devices. However, the use of capacitance spectroscopy techniques in 

perovskite solar cells is not as straightforward as in the case of inorganic thin-film solar cells. 

The theory of both AS and DLTS utilizes the concept of a space charge region and so-called 

depletion approximation. According to this, the space charge region is depleted from free 

charge carriers. This assumption is not fulfilled in perovskite solar cells, as they are mixed 

ionic-electronic conductors [11], and slow-moving ions are present in the space charge region. 

However, this does not limit the use of capacitance spectroscopy methods in PSCs, as those 

techniques can also be applied to quantify processes related to ion diffusion or 

electromigration.   

 Ion diffusion is linked to another vital research area on perovskite cells – their 

stability and degradation over time. One of the routes to improve stability of perovskite-based 

devices is to make a mixed cation and mixed anion materials including most of the (MA,FA,Cs) 

cation with (I,Br,Cl) combinations i.e. (MA,FA)PbI3 [12], (Cs,FA)Pb(I,Br)3 [13],[14] or 

Cs(M,Fa)Pb(I,Cl)3 [15]. Mobile ions and related ionic defects have already been linked to 

current-voltage hysteresis and reduced stability of perovskite-based solar cells [16][17] and 

investigated using capacitance spectroscopy techniques. The interpretation of the 

capacitance spectroscopy results follows two paths. The observable signals are considered 

either to appear as a response from deep energy levels introduced by defects in the bulk of a 

perovskite material [18][19] or be related to the diffusion of mobile ions [20][21][22]. 

Theoretical works support both the existence of native point defects in perovskites such as VI
+ 

and VMA
- vacancies as well as Ii

- and MAi
+ interstitials [23][24] as well as mechanisms of 

diffusion in perovskite-based solar cells [21][25][26]. 

 In this work, we discuss the results of AS and DLTS for perovskite cells based on 

formamidinium lead iodide (FAPbI3). Using a modified DLTS procedure we were able to 

present arguments that the results of capacitance spectroscopy techniques relate to the ion 

diffusion parameters rather than electron or hole thermal emission from defect energy levels 

and calculate activation energies of the observed processes. We discussed the obtained 

results in the light of other research on solar cells using other perovskite materials, showing 

that the observed processes are universal for various perovskite materials. We observed that 

the activation energy of the observed processes decreases with time and correlating with the 

progressive degradation of the cell. 

2. Experimental methods 

2.1 Perovskite solar cell fabrication 

P-i-n planar perovskite solar cells with a layer configuration of 

ITO/2PACz/Cs0.15FA0.85PbI2.7Br0.3/C60/SnO2/Cu were fabricated using the following procedure: 

First, 25 x 25 mm patterned glass/ITO substrates with a resistivity of 15 Ω sq-1 were cleaned 

sequentially according to a procedure described previously [27][28]. Next, a 1 mmol 2PACz 

([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) solution was prepared by dissolving the 



precursor in anhydrous ethanol and spin-coated onto a cleaned ITO substrate at a speed of 

3000 rpm for 30 s, followed by annealing at 100 °C for 10 minutes. FACs perovskite ink was 

prepared by dissolving PbI2 (446.4 mg), PbBr2 (121.6 mg), FAI (185.5 mg), and CsI (57.4 mg) 

precursors in 0.750 ml dimethylformamide (DMF) and 0.250 ml dimethyl sulfoxide (DMSO) in 

a single vial. The vial was held on a shaker for 2 h at 60 °C. FACs perovskite ink was filtered 

using a 0.2 µm sized polytetrafluoroethylene filter before use.  

A perovskite layer was spin-coated onto ITO/2PACz substrates with a spin speed of 3500 rpm 

for a 40 s steady duration. 250 µl anisole was dropped on the perovskite wetted spinning film 

10 s before it was finished. The substrates were immediately annealed at 100 °C for 30 min. 

in an inert atmosphere.  

In the evaporation chamber, C60 (23 nm) was thermally evaporated on the perovskite 

layer followed by the deposition of a SnO2 (20 nm) layer by performing an atomic layer 

deposition technique using an Arradiance GEMStar reactor via applying 140 cycles at a 

substrate temperature of 80 °C. As top electrodes, Cu of 100 nm thickness was thermally 

deposited at a base pressure of 10-6 mbar. The active area of a solar cell is calculated to be 

0.16 cm2, as determined by microscopic imaging. The standard J–V measurements of PSCs 

were carried out under under Standard Test Conditions (Air Mass 1.5G spectrum and  1000 W 

m-2 light intensity) using a sun simulator of class AAA calibrated with a silicon reference cell 

(Fraunhofer ISE) according to a procedure described previously [29]. The mean photovoltaic 

parameters of the investigated PSCs are listed in Table 1. 

Table 1. Mean values of the photovoltaic parameters of the investigated solar cells. 

 

 

 

 

 

The admittance measurements were made with an Agilent 4285A LCR meter by measuring 

capacitance as a function of ac voltage in a 100 Hz - 1 MHz frequency range at different 

temperatures, stabilized to 0.1 K. The DLTS measurements were made using a Bontoon 7200 

capacitance bridge in a homemade setup wit DAQ card. The sampling frequency at which 

capacitance transients were collected was 50 kHz and the pulse length was 50 ms. The 

procedure used in the DLTS measurement was different from that of most other studies. 

Standard DLTS measurements take successive, multiple measurements of capacitance 

transients at one temperature, average them, and automatically calculate DLTS spectrum. This 

approach might not give proper results when slow processes take place and startring point of 

each transient is slightly different. In this work we recorded single capacitance transient at 

each temperature using a setup adapted with a homemade noise filter.  

 

JSC (mA/cm2) 22.1 

VOC [V] 1.07 

FF [%] 74.5 

efficiency [%] 17.7 



 

The samples were mounted in a closed-cycle helium cryostat, which allowed measurements 

in the 30 K to 360 K temperature range. 

2.2 Admittance spectroscopy 

Admittance spectroscopy is mainly used to characterize defects in semiconductor 

junctions and has been frequently applied to thin-film solar cells. It utilizes the fact that the 

thermally dependent charge carrier capture and emission processes can be described by a 

characteristic time constant and related to it frequency – a thermal capture or emission rate. 

If a thermal emission rate is higher than the frequency of the applied oscillating voltage, the 

emitted charge carriers will contribute to the capacitance leading to its increase. In the 

opposite situation, when the voltage oscillations are faster than the emission rate, which 

describes the observable process, it will not change the device's capacitance.  

The case of electronic states introduced within the bandgap by defects, capture, and 

emission of charge carriers is described by SRH statistics [30]. The thermal emission rate 

describes those processes according to the following Equation: 

𝑒𝑇 = 𝑁𝐶,𝑉𝑣𝑡ℎ𝜎𝑒,ℎ𝑒𝑥𝑝 (−
𝐸𝑇
𝑘𝐵𝑇

) (1) 

 

where eT is the thermal emission rate, NC,V is the density of states in a conduction or 

valence band, e,h is the electron or hole capture cross-section, vth is the thermal velocity of 

charge carriers, kB is the Boltzmann constant, and ET is the trap activation energy. The density 

of states is proportional to T3/2, and the charge carriers' thermal velocity is proportional to T1/2. 

Therefore, a T2 factor is usually excluded from the preexponential factor in Equation (1). 

However, this can only be done when the observable process relates to the thermal emission 

from a defect level. The eT/T2 plot versus 1/T is called an Arrhenius plot and allows trap 

parameters, such as ET and e,h, to be calculated. 

A similar approach can be applied to many thermally activated processes involving charge 

carriers, such as excitation over a potential barrier [31] or activation of mobility in a defected 

material [32]. Furthermore, the frequency-dependent change of capacitance may arise due to 

ion migration [33], which may be the case in perovskite-based solar cells, as suggested in [34].  

Due to the different work functions of contacts in perovskite solar cells, an internal 

electric field arises in the perovskite layer. If mobile ions are present in the material, they may 

accumulate at the contact interface – the anions drift to the ETL layer, and cations drift to the 

HTL layer. A schematic diagram indicating the influence of ion drift on the band diagram of a 

perovskite device is shown in Figure 1.  



 

Figure 1. Schematic diagram of the influence of ion migration on the band diagram of a 

simplified perovskite solar cell. (a) at short circuit conditions (V = 0), the ions diffuse, anions 

towards the HTL layer, and cations toward the ETL layer, resulting in (b) an ion accumulation 

at the interface and the corresponding band bending. (c) when applying a voltage in the 

forward direction (V = V0), mobile ions drift towards the bulk. 

Then, the application of oscillating voltage leads to the migration of mobile ions with 

a time constant: 

𝜏 =
𝐿2

𝐷
=
𝜀𝜀0𝑘𝐵𝑇

𝑞2𝑁𝐷
 (2) 

where L is the diffusion length, 0 is the dielectric constant, r is the relative dielectric 

permittivity of a material, q is the elementary charge, and N is the doping concentration. It is 

assumed here that mobile ion diffusion occurs only within the Debye length from the 

interface. However, it should be noted that it has also been suggested that ion migration in 

perovskites extends through the whole perovskite layer [25]. In a classical picture, where 

diffusion is described as a series of ionic jumps at some distance, the diffusion coefficient is 

expressed as [35]: 

𝐷 =
𝜐0𝑑

2

6
𝑒𝑥𝑝 (

Δ𝑆

𝑘
) 𝑒𝑥𝑝 (−

Δ𝐻

𝑘𝐵𝑇
) (3) 

where v0 is the attempt frequency of an ionic jump at a distance d, S is the entropy 

change, and H is the enthalpy change during an ionic jump. The attempt frequency v0 is a 

vibration frequency of an attempt to break or loosen a bond, allowing a mobile ion to move 

to a new position. Assuming 0 is independent of temperature, Equation (3) simplifies to an 

exponential relation of diffusion coefficient on 1/T: 

𝐷 = 𝐷0𝑒𝑥𝑝 (−
Δ𝐻

𝑘𝐵𝑇
) (4) 



Combining Equations (2) and (4), we obtain an Arrhenius relation for the ion migration rate 

that is similar to Equation (1): 

1

𝜏
=
𝑞2𝑁𝐷0
𝜀𝜀0𝑘𝐵𝑇

𝑒𝑥𝑝 (−
Δ𝐻

𝑘𝐵𝑇
) (5) 

2.3 DLTS 

 Deep level transient spectroscopy (DLTS) is another method used in defect 

characterization based on the device's capacitance. In this case, capacitance is measured in 

the time domain, not in the frequency domain as in the AS. However, the investigated 

processes are the same in both techniques. In a standard DLTS experiment, the negative 

voltage is applied to extend the space charge region in the device. The capacitance at the 

reverse bias V is then approximated by: 

𝐶 =
𝜀𝜀0𝐴

𝑊
= 𝐴√

𝑞𝜀0𝜀𝑁

2(𝑉𝑏𝑖 − 𝑉)
 (6) 

where W is the space charge region width, A is the area of the device, and Vbi is the built-in 

potential. At the reverse voltage, the space charge region's traps are emptied. Applying the 

forward bias pulse narrows the space charge region, resulting in the capture of the majority 

of the carriers. The capture process is usually very fast and is described by the capture rate, 

which is proportional to the doping concentration N:  

𝑐𝑒,ℎ = 𝑁𝜎𝑒,ℎ𝜈𝑡ℎ (7) 

Therefore, it is typically enough if the pulse length is on the order of milliseconds to fill the 

traps completely. After the pulse is removed, the trapped charge carriers are emitted and 

swept by the electric field. The emission process follows Equation (1) and is usually orders of 

magnitude slower than the capture process. Numerical analysis of capacitance transients 

allows for calculating the emission time constant and making the Arrhenius plot according to 

Equation (1) to obtain a defect level's activation energy. One method to get the time constant 

of a capacitance transient is a box-car analysis [36] made for different rate windows. It results 

in a temperature-dependent spectrum having an extremum when the rate window matches 

the emission rate at a specific temperature. Depending on what type of charge carriers are 

emitted, the transient is either decaying, the spectrum has a maximum for minority carriers 

or the capacitance increases, and the minimum is observed in the case of majority charge 

carriers.  

The capacitance transient may arise not only due to the emission of charge carriers from traps 

but also from mobile ion drift. However, to obtain the ionic drift parameters, voltage biasing 

is different than in the case of traps. When the applied forward voltage is high enough, the 

space charge region entirely collapses. The mobile ions accumulated at the interface can now 

diffuse back to the perovskite layer (Figure 1c). This process will change the capacitance orders 



of magnitude slower than in the case of charge carrier capture by traps. After removing the 

bias, the depletion region quickly returns, but due to the accumulation of ions during a 

forward bias pulse, its width is different from the initial one. The charge concentration that 

was previously equal to the doping concentration N now changes to N ± Nion when Nion is the 

density of mobile ions leading to different space charge regions and, thus, the different 

capacitance, according to Equation 6. After removing the forward bias pulse, the capacitance 

will return to the initial value with the time constant described by Equation 2. The 

corresponding capacitance transient can be analyzed in the same manner as in the trap 

response to obtain characteristic time constants, rates, and activation energy Ea being equal 

to enthalpy change (H) during an ionic jump. 

 3. Results 

 An example of a series of admittance spectra at different temperatures for an 

investigated perovskite solar cell is presented in Figure 2. A step-like behavior of the 

capacitance spectrum between  low and high ac voltage frequency is a fingerprint of a 

frequency-dependent process involving charge redistribution. The step in the admittance 

spectrum starts to be visible at around room temperature and evolves with the temperature 

as expected for the temperature-dependent process described by Equation 1. The phase angle 

of the device impedance was close to -90 o in the medium frequency range, indicating that the 

impedance's capacitance dominates in this regime. The phase angle was significantly lower in 

the low-frequency range where the C-f spectrum step was present, suggesting that the 

sample's resistivity also depends on the voltage frequency. Considering that the observable 

changes depend on the temperature, it might indicate that the physical process behind the 

admittance spectrum step's is somewhat related to ionic migration than to emission from 

traps, as it changes the device's resistance, not only its capacitance. At high frequencies, the 

real part of the impedance is also significant, with the phase angle lower than -90 o. However, 

the drop in capacitance at high frequencies does not depend on the temperature and seems 

to be related to the series resistance of the device.  
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Figure 2. Admittance spectra for an investigated perovskite solar cell in the 300−360 K 

temperature range. Arrows indicate the step in capacitance between low and high ac voltage 

frequencies and its evolution with temperature. The insets show the impedance phase angle. 

 

 To get a deeper insight into whether the admittance signals are related to the deep 

traps or mobile ions, DLTS was applied. No transient was observed in a standard DLTS mode 

where the device is reverse biased, and no forward voltage pulse is applied. However, a large 

positive capacitance transient appeared when a +1 V voltage was applied onto an un-biased 

device. When the pulse was removed, the capacitance quickly dropped and then slowly 

decayed to the initial value. The capacitance transients measured at different temperatures 

are presented in Figure 3. The time frames of the experimental processes are, in both cases, 

up to tens of milliseconds, which is an expected value in both charge carrier emission from 

deep traps and ion migration. However, the capture of charge carriers at +1 V by a deep trap 

is expected to be orders of magnitude faster (for typical values of N = 1016 cm-3, Ne,h = 10-14 

cm2, and vth = 107 cm/s, the capture time constant equals 10 ns, see Equation 7). 
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Figure 3. Capacitance transients arising (a) upon stepping from 0V to +1 V, measured at +1 V 

and (b) at 0 V after removing the +1 V pulse. 

Capacitance kinetics were analyzed using the box-car algorithm. The calculated DLTS 

spectra are presented in Figure 4. The DLTS signal after the +1 V bias pulse was removed, 

measured when the space charge region is extended through the perovskite layer, is positive, 

which corresponds to the decay in the capacitance. Considering the observation of large 

capacitance transients at +1 V with a time constant of around 10 ms at room temperature, we 

interpret the observed signals as a result of ion migration rather than a deep trap response.  
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Figure 4. DLTS spectra calculated from the capacitance transients measured at (a) +1 V and 

(b) at 0 V after applying a +1 V pulse. 

 

An Arrhenius plot of admittance and DLTS spectra is presented in Figure 5, along with 

the calculated activation energies. The thermal emission rates are plotted undivided by T2, as 

this factor can only be excluded from Equation (1) in the case of emission from deep traps and 

is not present in Equation (5). The primary signal responsible for an admittance step shown in 

Figure 2 has an activation energy of around 0.45 eV. The same signal is observed in DLTS, at 

+1 V and 0 V. It has slightly higher activation energy. Still, it is a continuation of the admittance 

data on the Arrhenius plot. The different activation energy might also partially result from the 

distortion in the DLTS spectra introduced by a second peak appearing above room 



temperature. An additional process with an activation energy of around 1.2 eV was observed 

in the capacitance transients measured at 0 V, but it was not related to the admittance signal.  
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Figure 5. The Arrhenius plots of AS and DLTS data. Fitting lines to the migration and emission 

rates data reported in the literature [18] [19][20] [22][37], which place in a similar region as 

our date on the Arrhenius plot, are added for comparison with our results. 

To evaluate our AS and DLTS results in light of other emission and migration rates 

results, we compared the Arrhenius plots obtained herein with available in the literature data 

on different perovskite-based devices. We restricted ourselves to the region of time constants 

and temperatures close to our results. A more complete collection of reported in the literature 

Arrhenius plots was presented by Reichert et al. [20]. Included in Figure 5 are the results of 

Rosenberg et al. [18], who observed two energy levels and attributed them to defects in 

MAPbBr3 single crystals and Yang et al. [37] attributing the DLTS results on FAPbI3 to FA+ 

cations. Additionally, we have added the results of Samiee et al. [19] on mixed halide 

perovskites, Reichert et al. [20], and Futscher et al. [22] on MAPbI3, all attributing observable 

signals to either to I- or MA+ migration. This comparison shows that apart from differences in 

emission/migration rates and activation energies, the results can be divided into two groups 

independently of the perovskite material investigated. The first group exhibit activation 

energies below 0.55 eV (AS and DLTS results presented herein, [18][20]), while the activation 

energies in the second group are significantly above 1 eV (part of our DLTS results, 

[19][22][37]). This assessment indicated at least two dominant mechanisms observed in PSC, 

universal for different perovskite materials used, which can tentatively be attributed to anion 

(low energies) and cation (high energies) migration. 



The parameters of the admittance signals evolve with time. Between measurements, 

the samples were stored in ambient air in the dark. After approximately four months of 

storage (121 days), the activation energy decreased to 0.37 eV. Moreover, the height of the 

AS step decreased. This can be related to  the reduced number of migrating ions, as the height 

of the admittance step is proportional to the ratio of the ion and doping concentration, 

respectively, according to: 

𝛥𝐶

𝐶∞
≈

𝑁𝑖𝑜𝑛

2𝑁
                                                                        (7) 

where C∞ is the capacitance at a high AC voltage frequency (100 kHz in this case). The 

doping concentration N was measured using the Drive Level Capacitance Profiling (DLCP) [38], 

a variation of a CV characterization – typical for doping measurements. The advantage of this 

technique is that it excludes the impact of slow processes, responding to the DC bias sweep 

during the measurement, which might be an ion migration in the case of perovskites. The 

doping concentration was (1.00 ± 0.35)*1015 cm-3, which allowed to estimate the 

concentration of migrating ions responsible for the admittance step. After approximately four 

months, the estimated mobile ion concentrations decayed with time, from around 6.5*1015 

cm-3 to 4.5*1015 cm-3. The results are presented in Figure 6. Along with lowering the 

admittance step's height, the shunt resistance also decayed, from around 1.75 k down to 

about 250 , after the same time. The hypothesis that those two phenomena are related 

allows us to estimate the mobility of the migrating ions and how it evolves with time (inset in 

Figure 6). Even though the mobile ion concentration decays with time, suggesting lower 

sample conductivity, their mobility increases, resulting in a lower shunt resistance. 
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Figure 6. Evolution of estimated mobile ion concentrations with time (left axis) and changes 

in the cell's shunt resistance (right axis). The inset includes the change of the estimated ion 

mobility with time. 

Theoretical calculations of the diffusion parameters of iodine ions show a variety of 

activation energies for VI/VI
+ vacancy migration, ranging from 0.08 eV [21] to 0.58 eV [25]. 

Haruyama et al. [39] theoretically calculated the activation energies for different migration 

paths in MAPbI3 and showed that two migration paths for I- anions are dominant: in the <100> 

and <111> direction. According to their work, the activation energy is lowered, from 0.44 eV 

to 0.33 eV, when I- ions change the diffusion path from the <100> to <111> plane. Meloni et 

al. [26] obtained similar theoretical values of 0.45 eV and 0.28 eV, respectively, and linked 

them to processes responsible for the hysteresis present in the I-V characteristics. Change in 

the migration path is one of the possible mechanisms responsible for the change in activation 

energy. The other possibilities are linked to the Meyer-Neldel rule [40] also observed in 

perovskite solar cells [20], resulting in the relation between the preexponential factor D0 and 

the activation energy Ea in Equation (4). Two mechanisms were proposed in perovskite solar 

cells that may account for the Meyer-Neldel behavior. First relates to the energy distribution 

in hopping energies [41], which should evolve with time to lower the activation. The second 

considers a multiphonon excitation model, including the entropy factor in preexponential 

factor D0 [42]. In this model, the Meyer-Neldel rule originates from variations in the number 

of phonons interacting during the ion hopping. The greater the number of interacting 

phonons, the greater the amount of energy is delivered therefore the lowering of activation 

energy would take place when less phonons would interact during a single hopping event.  

On the other hand, not only anions can migrate in the perovskite material, but the 

theoretical values for the activation energies of cations, which are also considered to diffuse 

in perovskites are significantly larger, varying from around 0.8 eV [21][26] to 2.3 eV [25]. This 

is outside the range of activation energy values observed in our study, except from one of the 

DLTS signals having an activation energy of around 1.2 eV. The summary of the experimental 

activation energies is shown in Table 2. 

Table 2. Summary of activation energies obtained by AS and DLTS.  

 

Label Experimental 

AS 0.45 ± 0.03 eV 

AS degradation 0.37 ± 0.03 eV 

DLTS 1 0.56 ± 0.05 eV 

DLTS 2 1.21 ± 0.12 eV 

 

4. Conclusions 

The AS and DLTS results show that the signals observed in the FAPbI3-based cells using 
capacitance-based methods relate to ion migration rather than being a response from deep 
energy levels introduced by a defect. The main arguments supporting this hypothesis are the 



observation of large capacitance transients at +1 V, the fact that the process with the same 
activation energy is visible both at +1 V and 0 V, and the activation energy values by itself. We 
have tentatively attributed observed signals to anion (AS and DLTS signals with Ea < 0.56 eV) 
and cation (DLTS signal with Ea=1.21 eV) migration. The calculated activation energies and 
comparison with theoretical calculations support this hypothesis, suggesting that the 
migration of anions initially occurs mainly in the <100> direction and, with time, changes 
towards the <111> direction. This change may relate to a decrease in the activation energy 
and a consequent increase in the ion migration rate, increasing the solar cell's leakage current 
and decreasing the efficiency.  
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