

  crystals-13-00185




crystals-13-00185







Crystals 2023, 13(2), 185; doi:10.3390/cryst13020185




Article



Intrinsic Instability of Perovskite Solar Cells: The Role of a Hole-Blocking Layer



Nicolò Lago 1,*[image: Orcid], Andrea Polo 1, Sathy Harshavardhan Reddy 2[image: Orcid], Aldo Di Carlo 2[image: Orcid] and Andrea Cester 1





1



Department of Information Engineering, University of Padova, 35131 Padova, Italy






2



Department of Electronic Engineering, University of Rome “Tor Vergata”, 00133 Rome, Italy









*



Correspondence: lagonico@dei.unipd.it







Academic Editor: Sawanta S. Mali



Received: 17 December 2022 / Revised: 12 January 2023 / Accepted: 18 January 2023 / Published: 20 January 2023



Abstract

:

Among the emerging photovoltaic technologies, perovskite solar cells (PSCs) are the most promising ones with efficiencies close to crystalline silicon. However, stability and reliability issues are still a limit for future applications of this technology. This manuscript investigates the intrinsic instability of PSCs by focusing on the role of the hole-blocking layer (HBL). PSCs were fabricated employing SnOX and bathocuproine (BCP) as an HBL, and their performances were monitored in time. The two architectures show initial similar performances; hence, they are good candidates for comparison, but they feature different instability phenomena. It is shown that cells fabricated with SnOX present larger instabilities mainly ascribable to open-circuit voltage fluctuations (variations in the short-circuit current are negligible). In contrast, the BCP-based cells are more stable with a marginal increase in their power conversion efficiency that follows the increase in the short-circuit current (while the open-circuit voltage does not change).
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1. Introduction


With a record efficiency above 25% [1], perovskite solar cells (PSCs) are the most interesting photovoltaic technology [2]. The combination of power conversion efficiency, which are comparable to the state-of-the-art monocrystalline silicon cells, with low-cost materials and processes makes PSCs a strategic technology with a potentiality of reaching the Shockley–Queisser limit (e.g., tandem configuration) [3].



Despite their outstanding performances, PSCs still suffer from short- and long-term instability affecting characterization reproducibility [4,5] and measurement-induce degradation [6]. In this scenario, the choice of the proper hole-blocking layer (HBL) plays a crucial role, not only to achieve high power conversion efficiencies but also to enhance the device stability [7,8].



Among several HBL materials, TiO2 is one of the most common materials used in PSCs thanks to the proper energetic levels, allowing for the fabrication of high-efficiency cells [9,10]. However, the performance of TiO2-based cells is still limited by the low TiO2 n-type conductivity (electron transport layer) and the overall device stability. For this reason, alternative HBL materials were investigated [11,12]. Many alternatives have been proposed to overcome this limitation, such as doping the TiO2 layer with Sn or Na2S [13,14], or substituting TiO2 with other metal oxide materials [15]. Among the others,     SnO  X    and   BCP   are two commonly adopted solutions used in substitution of TiO2 (for a comprehensive review, the reader may refer to [16,17]).     SnO  X    can provide improved efficiency thanks to a higher electron mobility as well as stability by preventing perovskite contamination and phase separation [18]. Moreover, in this configuration,     SnO  X    can act as a barrier layer for the sputtered ITO to further improve the stability of the device [19]; whereas, bathocuproine (  BCP  ) is used to improve a devices performance by eliminating the charge accumulation and by reducing interface recombination [20].



In this work, we analyzed     SnO  X    and   BCP   by fabricating PSCs differing only in the HBL and comparing the intrinsic stability of the devices by monitoring the cells parameters over time, which is a priority in order to understand a device’s behavior during characterization and reliability studies. We observed that even though the two architectures are characterized by similar figures of merit, using   BCP   as a HBL allows for a larger current conversion efficiency and an improved device stability.




2. Materials and Methods


2.1. Materials


The following were use in this study: poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) (Solaris Chem), [6,6]-phenyl-C61-butyric acid methyl ester (PCBM-99%-Solenne), bathocuproine (  BCP  -96%-Sigma-Aldrich),     SnO  X   ink (N31-Avantama), methylammonium bromide (MABr-99.99%-Greatcell solar), (FAI-99.99%-Greatcell solar), cesium iodide (CsI-99.99%-Sigma-Aldrich), lead bromide (PbBr2-TCI), lead iodide (PbI2-TCI), 1-butyl-3-methylimidazolium tetrafluoroborate (BMITFB-98%-ACROS), dimethylformamide (DMF-anhydrous-Sigma-Aldrich), dimethyl sulfide (DMSO-anhydrous-Sigma-Aldrich), toluene (anhydrous-Sigma-Aldrich), chlorobenzene (CB-anhydrous-Sigma-Aldrich), and dichlorobenzene (DCB-anhydrous-Sigma-Aldrich).




2.2. Devices Fabrication


Figure 1 reports the devices architecture and band diagram for both the     SnO  X   -based PSCs (Figure 1a,c) and the   BCP  -based PSCs (Figure 1b,d). The ITO/glass substrates (15 Ω/sq, 2.5 × 2.5 cm2) were etched using a UV nanosecond laser (Spectraphysics—Andover, MA, USA). The ablation was carried out from the top side of the substrate at a repetition rate of 80 kHz, with a scanning speed of 195 mm s−1. The optimal fluence per pulse (amount of energy of a single laser pulse divided for the area of the laser spot) was 280 mJ cm−1. The measured insulation resistance between the subsequent photo-anodes was higher than the detection limit of our instrument (Keithley 2420, >200 MΩ), providing a full isolation. The patterned substrates were cleaned in an ultrasonic bath with a detergent solution (2% Hellmanex in deionized water) followed by deionized water, acetone, and 2-propanol, each for 15 min. After drying, they were treated for 15 min in a UV/O3 tool (Novasonic). PTAA (2 mg/mL) in toluene was spun at 5000 rpm for 30 s before being annealed at 100 °C for 10 min. After cooling, the samples were exposed to UV light for 5 min to improve the surface wettability of the PTAA. The solar cells active material is a triple cation (3C) perovskite with BMIM-BF4 as an ionic liquid (IL) additive. The perovskite precursor with the molecular formula Cs0.05MA0.14FA0.81PbI2.7Br0.3 (1.4M) in DMF:DMSO 3.16:1 was spin-coated at 4000 rpm for 35 s before dropping 180 μL of CB after 20 s [19,21]. The film was annealed for 10 min at 100 °C. The PCBM was spun at 1700 rpm for 30 s before being annealed at 100 °C for 5 min. The   BCP   (0.5 mg/mL) in isopropanol was spun at 4000 rpm for 30 s. Following that, 100 nm of Cu was evaporated defining the cell active area of 0.18 cm2. For     SnO  X   -based devices,     SnO  X    nanoparticle dispersions (2.5 wt% suspension in butanol, acquired from Avantama AG) were filtered with a PVDF 0.45 m filter and spun at 5000 rpm for 35 s before being annealed at 120 °C for 20 min. After that, the devices were sputtered with ITO in the Kenosistic (KS400) sputtering machine with a tin-doped indium oxide target (304.8 mm × 76.2 mm, 90% In2O3–10%     SnO  2   ) using a low-temperature RF magnetron sputtering with a base pressure of 5·10−6 mbar, a working pressure of 1.1 μbar, a power density of 0.258 W·cm−2, and a precursor argon flow at 40 sccm. The samples were placed onto a pallet and moved parallel to the target at a speed of 120 cm/min. Following this, 100 nm of copper was evaporated to finish the cells, which have an active area of 0.24 cm2.



To collect enough data to model the solar cells intrinsic instability, we prepared 9     SnO  X   -based cells and 11   BCP  -based cells. To prevent cell degradation due to the exposure of oxygen and ambient humidity, all the samples were encapsulated in a nitrogen atmosphere using a capping glass glued to the ITO/glass substrate.




2.3. Characterization Procedure


To monitor their stability over time, the cells were periodically characterized in light conditions by scanning the voltage from 0 V to 1.2 V while recording their photo-generated current. During the measurements the cells were illuminated using a white LED whose intensity was calibrated in agreement with the International Electrochemical Commission standard IEC 60904-7-2019 [22].



The cell characterization was performed in a logarithmic time scale for a total time of 105 s (we observed that the parameters of most of the cells stabilize within this time). The cells were kept in dark conditions between consecutive characterizations. All the experiments were performed in an ambient atmosphere at a room temperature of 23 °C.





3. Results and Discussion


In this work, we are studying two solar cell architectures differing only in the hole-blocking layer (either     SnO  X    or   BCP  ). Despite sharing the same photoactive and hole-transport materials, the performance of the two architectures is visibly different.



In particular, Figure 2 reports the photo-generated current density as a function of the applied voltage for both the     SnO  X    architecture (blue line) and the   BCP   architecture (red line) measured at the beginning of the characterization procedure. As reported in Table 1, the     SnO  X    architecture is characterized by a larger short-circuit current    J  S C    , likely due to the large electron mobility of     SnO  X    (in the order of 10 to 100 cm2V−1s−1 [23,24]; compared to 10−2 cm2V−1s−1 [25] of PCBM and to 10−7 cm2V−1s−1 of BCP [26]) that promotes an efficient extraction of the photo-generated electrons [27]. However, the   BCP   architecture provides the highest power conversion efficiency  η  thanks to the larger fill-factor   F F   and the larger open-circuit voltage    V  O C    . It is important to notice that, among the three figures of merit (   J  S C    ,   F F  , and    V  O C    ) contributing to cell efficiency,    V  O C     is the one featuring the largest difference between the two architectures, confirming that the   BCP   buffer layer is beneficial in preventing interfacial recombination by reducing the voltage drop across the PCBM layer and, in turn, enhancing the built-in voltage of the device [28].



Another important difference between     SnO  X   - and   BCP  -based solar cells is their intrinsic instability that can be observed during subsequent characterizations over a prolonged time. However, it is important to remark that both architectures are stable during the short-term maximum power point-tracking experiment, as shown in Supplementary Figure S1.



In the following, we will analyze the figures of merit of the cells as a function of time while comparing the two architectures.



3.1. Short-Circuit Current


Figure 3 reports the normalized short-circuit current variation for the two architectures. The     SnO  X   -based cells feature an almost constant    J  S C     of up to 103 s, followed by a very small degradation (less than 0.5%). The   BCP   architecture instead is characterized by a much larger variability (highlighted by the wider whiskers in the box-plot chart), with a short-circuit current that increases after few seconds from the first characterization and stabilizing after 200 s with a total average increase of 5%.



In agreement with the degradation kinetics discussed by J.W. McPherson in his book [29], the    J  S C     instability for the     SnO  X    architecture can be described by two decaying exponentials, one to account for the degradation after 103 s, and one to account for the slight increase occurring at the beginning of the experiments (see the full-scale plot in Supplementary Figure S2):


         J  S C    ( t )     J  S C    ( 0 )     |    S n  O X    = 1 +  B 1   [  1 − exp  (  −  C 1   (  t −  t 1   )   )   ]  · H  (  t −  t 1   )  −  B 2   [  1 − exp  (  −  C 2   (  t −  t 2   )   )   ]  · H  (  t −  t 2   ) ,   



(1)




where    B i   ,    C i   , and    t i    are empirical parameters. In particular,    B i    is the magnitude of the observed instability (which can be used to predict the maximum    J  S C     variation),    C i    is the exponential decay rate (which is a material dependent parameter describing the speed of the instability),    t i    is a time delay denoting the beginning of the instability process, and   H  ( t )    is the step function defined as:


  H  (  t −  t i   )  =  {      0 ,     t <  t i        1 ,     t ≥  t i       .   



(2)







In principle, Equation (1) may be used for the   BCP   architecture too. However, the BCP-based cells do not display any degradation during the time span of the experiments (hindering the extrapolation of parameters    B 2   ,    C 2   , and    t 2   ). Therefore, Equation (1) can be simplified by assuming    C 2    = 0 s−1, which is the equivalent of using a single decaying exponential to describe the monotonous current increase:


         J  S C    ( t )     J  S C    ( 0 )     |    B C P   = 1 +  B 1   [  1 − exp  (  −  C 1   (  t −  t 1   )   )   ]  · H  (  t −  t  I 1    ) .   



(3)







As reported in Figure 3, Equations (1) and (3) perfectly capture the JSC behavior for the     SnO  X   - and the   BCP  -based solar cells, respectively; the corresponding fitting parameters are reported in Table 2. Notably, this model can be used to estimate the value of JSC after the long-term instability of the devices are fully dissipated (i.e.,   t = ∞  ). For the   BCP   architecture, this value corresponds to parameter    B 1   , that in our case leads to a 5.4% increase in    J  S C    . For the     SnO  X    architecture, the current variation at regime can be estimated as    B 1  −  B 2   , leading to a cumulative    J  S C     reduction of 1.5% with respect to its initial value. Comparing instead parameter    C 1    for the two architectures, we observe that for the     SnO  X   -based cells    C 1    is the one order of magnitude which is larger than the   BCP  -based cells. This indicates that, even though    J  S C     (    SnO  X   ) displays a small variation, such variation occurs much faster in the     SnO  X    architecture rather that in the   BCP   architecture. A similar reasoning can be performed when considering the decay rate    C 2   , which we can assume is equal to 0 s−1 for the   BCP  -based cells, suggesting that the   BCP   architecture is more stable than the     SnO  X    architecture.




3.2. Open-Circuit Voltage


Conversely to    J  S C    ,    V  O C     present the largest variability for the     SnO  X    architecture. Figure 4 shows the direct comparison between the     SnO  X    and   BCP   architectures, highlighting that the   BCP  -based solar cells are much more stable than their     SnO  X    counterparts, which feature    V  O C     variations of up to 100 mV when compared to an average of a few mV for the   BCP   architecture (see Supplementary Figure S3b).



The     SnO  X    architecture displays an initial improvement in the open-circuit voltage, which is followed, however, by a slow degradation that reduces the VOC down to its initial value. Therefore, following the same approach used in Section 3.1, we can describe the     SnO  X    instability with a two-decaying exponential model, whereas a single decaying exponential can be used for the   BCP   instability:


      ∆  V  O C    ( t )   |    S n  O X    =  B 1   [  1 − exp  (  −  C 1   (  t −  t 1   )   )   ]  · H  (  t −  t 1   )  −  B 2   [  1 − exp  (  −  C 2   (  t −  t 2   )   )   ]  · H  (  t −  t 2   ) ,   



(4)






      ∆  V  O C    ( t )   |    B C P   =  B 1   [  1 − exp  (  −  C 1   (  t −  t 1   )   )   ]  · H  (  t −  t  I 1    ) .   



(5)







Table 3 shows the parameters used to fit the data in Figure 4 remarking the high stability of the   BCP   architecture, whereas we predict a small reduction of 2.5 mV (   B 1  −  B 2   ) for the     SnO  X    architecture after an initial variation of 100 mV (   B 1   ). However, it is important to remark that this is an average value, and in the worst-case scenario, VOC may display a degradation larger than 50 mV. The larger stability of the   BCP   architecture is confirmed also by the decay rate    C 1   , which is one order of magnitude smaller than the     SnO  X    cells.




3.3. Fill-Factor


Figure 5 shows the variation in the fill-factor for the two architectures. Conversely to what was observed for the short-circuit current, the fill-factor for the     SnO  X    architecture is the one presenting the larger instability, with the   F F   variations within ±20% (compared to +10% for the   BCP   architecture). Despite this difference, for both architectures the fill-factor displays the same behavior reported for    J  S C    , even though it is much more marked in the     SnO  X    architecture.



The     SnO  X   -based architecture features an initial increase in FF, followed by a degradation with respect to its initial value (around 10% degradation); whereas, the FF in the   BCP   architecture slightly increases and stabilizes to a +5% value.



Accordingly, the same exponential decaying models used in (1) and (3) can be used to describe the fill-factor for     SnO  X   - and   BCP  -based solar cells, respectively:


        F F  ( t )    F F  ( 0 )     |    S n  O X    = 1 +  B 1   [  1 − exp  (  −  C 1   (  t −  t 1   )   )   ]  · H  (  t −  t 1   )  −  B 2   [  1 − exp  (  −  C 2   (  t −  t 2   )   )   ]  · H  (  t −  t 2   ) ,   



(6)






        F F  ( t )    F F  ( 0 )     |    B C P   = 1 +  B 1   [  1 − exp  (  −  C 1   (  t −  t 1   )   )   ]  · H  (  t −  t  I 1    ) .   



(7)







The green lines in Figure 5 show the agreement between Equations (6) and (7) and the experimental data; whereas, the corresponding fitting parameters are summarized in Table 4. Comparing Table 2 with Table 4 we observe that for the     SnO  X   -based devices the decay rate (   C 2   ) of FF is much faster than the degradation of JSC; moreover, the FF reduction is twice its initial increase, leading to a final 9.7% loss of performance. Instead, for the   BCP   architecture JSC and FF have similar magnitudes    B 1    (around 5%) and similar time delays (2 and 4 s), but the FF increases with a much slower decay rate than the JSC (   C 1    = 1.3·10−3 s−1 compared to 17·10−3 s−1) because of the high stability in the open-circuit voltage (see Section 3.2).




3.4. Power Conversion Efficiency


Finally, Figure 6 reports the power conversion efficiency for the two architectures whose behavior can be predicted combining the model described in the previous subsections:


      η  ( t )   |    S n  O X    =        J  S C    ( t )     J  S C    ( 0 )     |    S n  O X    ·       F F  ( t )    F F  ( 0 )     |    S n  O X    ·  (  1 +       ∆  V  O C    ( t )     V  O C    ( 0 )     |    S n  O X     ) ,   



(8)






      η  ( t )   |    B C P   =        J  S C    ( t )     J  S C    ( 0 )     |    B C P   ·       F F  ( t )    F F  ( 0 )     |    B C P   ·  (  1 +       ∆  V  O C    ( t )     V  O C    ( 0 )     |    B C P    ) .   



(9)







The two expressions take into account that in the previous subsections we considered the percentage variation in    J  S C     and   F F   normalized to the pre-test value (  t = 0  ); whereas, we considered the incremental variation in    V  O C     (with respect to the pre-test value).



As expected, the efficiency reflects the instability of the previously investigated figures of merit (namely,    J  S C    ,   F F  , and    V  O C    ). In particular, the efficiency of the     SnO  X    cells initially increases following the increase in FF and VOC, but this improvement is followed by an irreversible degradation of the overall performance as observed for all the other figures of merit (   J  S C    ,   F F  , and    V  O C    ). We believe that the commercial dispersing agents in the N31-Avantama     SnO  X    ink might be responsible for this degradation [19]. In contrast, the efficiency instability of the   BCP  -based cells is dominated by    J  S C     and   F F  , while    V  O C     can be assumed constant, thus a total 10% increase in efficiency is observed (5% due to the short- circuit current and 5% due to the fill-factor).





4. Conclusions


In this work, we investigated the intrinsic instability of two perovskite solar cells differing only in the hole-blocking layer (    SnO  X    vs   BCP  ). The overall performance of the two architectures is similar, with     SnO  X    cells featuring slightly larger short-circuit currents and   BCP  -cells featuring slightly larger efficiency (larger    V  O C     and larger   F F  ).



Comparing the stability of the devices, we observed two different dynamics for     SnO  X   - and   BCP  -based architectures. In particular, the     SnO  X    cells show an initial efficiency increase (27% increase after 100s) followed by a sensible decrease, leading to a cumulative 11% efficiency degradation. Conversely, the   BCP  -based cells are characterized by a monotonous increase in performance by up to 10% with respect to their initial value. Therefore, under shelf-life conditions, the   BCP   cells are more stable than their     SnO  X    counterpart; moreover, the   BCP   cell instability is not a detrimental phenomenon since it leads to a stable increase in performance after an initial settling time.



By analyzing separately the other figures of merit, namely    J  S C    ,   F F  , and    V  O C    , we observed that the power efficiency instability originates mainly from one or two parameters. The     SnO  X    cell instability is caused mostly by    V  O C     variations, whereas the instability in the   BCP  -cells is observed only in    J  S C     and   F F  . This particular behavior suggests that to monitor PSCs, time-dependent stability is sufficient to monitor the behavior of the open-circuit voltage for     SnO  X   -based cells, and the behavior of the short-circuit current for the   BCP  -based cells.



This manuscript provides useful insights into the intrinsic instability of perovskite solar cells that are not limited to the devices used in this work. In fact,     SnO  2    is currently employed for record efficacy perovskite solar cells (certified efficiency of 25.7%) [30]. Therefore, we believe that the results of this work can be an important aid to investigate degradation phenomena of high-performance solar cells.
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Figure 1. Architecture of the solar cells used in this work: These perovskite solar cells are based on a triple cation perovskite layer with nominal composition Cs0.05FA0.81MA0.14PbI2.7Br0.3 along with BMIM-BF4 ionic liquid additives, labeled as 3C-IL (a)     SnO  X    is used as a hole-blocking layer; (b)   BCP   is used as a hole-blocking layer; (c) and (d) are the qualitative band diagram for the     SnO  X    and   BCP   architectures, respectively. 
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Figure 2. Illuminated current vs voltage characteristics for the     SnO  X    (blue line) and   BCP   (red line) architectures measured at the beginning of the characterization procedure. 
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Figure 3. Normalized short-circuit current as a function of time for the two architectures under analysis: (a)     SnO  X   -based cells; (b)   BCP  -based cells. Data fitting (green line) was computed using the mean values (blue circles) as a data-set. Plots are reported with the same axis for a direct comparison. Full-scale axes are reported in Supplementary Figure S2. 
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Figure 4. Normalized open-circuit voltage as a function of time for the two architectures under analysis: (a)     SnO  X   -based cells; (b)   BCP  -based cells. Data fitting (green line) was computed using the mean values (blue circles) as a data-set. Plots are reported with the same axis for a direct comparison. Full-scale axes are reported in Supplementary Figure S3. 
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Figure 5. Normalized fill-factor as a function of time for the two architectures under analysis: (a)     SnO  X   -based cells; (b)   BCP  -based cells. Data fitting (green line) was computed using the mean values (blue circles) as a data-set. Plots are reported with the same axis for a direct comparison. Full-scale axes are reported in Supplementary Figure S4. 
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Figure 6. Normalized power conversion efficiency as a function of time for the two architectures under analysis: (a)     SnO  X   -based cells; (b)   BCP  -based cells. Data fitting (green line) was computed using the mean values (blue circles) as a data-set. Plots are reported with the same axis a direct comparison. Full-scale axes are reported in Supplementary Figure S5. 
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Table 1. Solar cell figures of merit extrapolated at the beginning of the characterization procedure.
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	Architecture
	    J  S C      [mA/cm2]
	   F F    [%]
	    V  O C      [V]
	  η   [%]





	     SnO  X    
	17.6 ± 1.4
	51.5 ± 7.7
	0.91 ± 0.05
	8.4 ± 1.6



	   BCP   
	14.87 ± 0.96
	63 ± 9
	1.1 ± 0.02
	10.5 ± 1.9







* Results are averaged over 9 samples for the     SnO  X    architecture, and over 11 samples for the   BCP   architecture. Samples active area is 0.24 cm2 and 0.18 cm2 for     SnO  X    and   BCP   architectures, respectively.
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Table 2. Short-circuit current fitting parameters.
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	Architecture
	    B 1     [%]
	    C 1     [s−1]
	    t 1     [s]
	    B 2     [%]
	    C 2     [s−1]
	    t 2     [s]





	SnOX
	0.15
	0.75
	0.99
	1.66
	8.1·10−5
	856.8



	   BCP   
	5.4
	0.017
	4.64
	\
	\
	\
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Table 3. Open-circuit voltage fitting parameters.
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	Architecture
	    B 1     [mV]
	    C 1     [s−1]
	    t 1     [s]
	    B 2     [mV]
	    C 2     [s−1]
	    t 2     [s]





	     SnO  X    
	97.7
	0.3
	0.81
	100.2
	9.6·10−5
	329.8



	   BCP   
	1.5
	0.039
	10
	\
	\
	\
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Table 4. Fill-factor fitting parameters.
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	Architecture
	    B 1     [%]
	    C 1     [s−1]
	    t 1     [s]
	    B 2     [%]
	    C 2     [s−1]
	    t 2     [s]





	     SnO  X    
	13.7
	0.2
	0.68
	23.4
	3.3·10−4
	237.5



	   BCP   
	5.2
	1.3·10−3
	2.15
	\
	\
	\
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