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Abstract

This work evaluated the perovskite solar technology’s outdoor performance. An emerging technology that was not
commercial at the beginning of this work (Velilla et al., 2017). Therefore, minimodules with an inverted
mesoporous MAPDI; structure (NiOx/AlLO3/MAPbI:/PCMB/rhodamine/Au), were fabricated in a drybox by spin
coating (Ramirez et al., 2019). The devices formed for 4 cells interconnected in series and 8.0 cm? of an active
area were fabricated on ITO substrates of 5 x 5 cm and manually encapsulated with ethylene-vinyl acetate (EVA).
These were analyzed by impedance frequency response and ideality factor following the procedure shown in (Yoo
etal., 2021, 2020), providing physical insight into the recombination mechanism dominating the performance and
fully characterize the devices under indoor conditions.

Accordingly, a methodology based on the international standard IEC 61853-1 to evaluate the perovskite
technology’s outdoor performance was proposed (Velilla et al., 2019b) because no international standards have
been fully established, and most published works have focused on laboratory-scale cells (i.e., 1 cm? or smaller in
size). This methodology was implemented as Python’s functions (scripts) in a remote server to estimate the
photovoltaic device’s outdoor performance. Hence, the developed I-V curve tracers (Cano et al., 2015) were
synchronized with a weather station (to record the irradiance levels and ambient/device temperatures). This
procedure allowed validated the power rating conditions for commercial modules of different technologies such
as silicon, HIT, and CIGS according to the manufacturers’ reported values in its datasheets (Velilla et al., 2019a).
Then, the procedure was extended to evaluate perovskite minimodules performance under outdoor conditions.

The perovskite minimodules outdoor evaluation under natural sunlight without a tracker in the Solar Cell Outdoor
Performance Laboratory (OPSUA, University of Antioquia, Medellin-Colombia) allowed observation of three
maximum power (Pna) evolution patterns, named convex, linear, and concave patterns because of the exhibited
shapes. In this sense, all the analyzed minimodules can be statistically associated with one of these three patterns,
commonly described for degradation processes in the literature to study possible degradation paths and estimate
the failure time. Therefore, to analyze these degradation behaviors, well-known statistical models such as linear
regression models were used to estimate the degradation rate and lifetime (7).

Relating to ideality factor also called quality factor or shape curve factor, which is the most reported parameter for
different solar cell technologies. This parameter has been used to define the electrical behavior of solar devices
due to its relationship with conduction, transport, recombination, and behavior at interface junctions, providing
physical insight into the recombination mechanism dominating the performance. Consequently, the changes in znp
could be correlated with the recombination mechanisms or degradation processes occurring in the device,
highlighting the importance of this parameter to complete the device’s characterization.

Therefore, the n;p values were estimated from the relationship between the open-circuit voltage and light intensity,
from the impedance frequency response (IFR) under different light intensities calculating the recombination
resistance (Rr.) (Yoo et al., 2021, 2020), and fitting the I-V curve to one-diode model to extract this parameter. In
these cases, an agreement has been shown between the n;p value estimated from the recombination resistance
extracted through IFR analysis and the value calculated from V. at different light intensities (Almora et al., 2018;
Yoo et al., 2020). Therefore, an Autolab’s procedure was implemented to record the device’s V,. and IFR as a
light function. Besides, to estimate the R... fitting the IFR to a circuit model or extract the one-diode model’s
parameters fitting the I-V curve to this model, a global optimization process involving a genetic algorithm (GA)
and the simplex method was implemented, following the previous work’s methodology (Velilla et al., 2018).

Moreover, due to the day-night cycles, including dawn and noon conditions, which can naturally provide a broad
range of illumination conditions, it was proposed to estimate n;p from the open-circuit voltage (V,.) dependence
on irradiance and ambient temperature (outdoor data). Consequently, the changes in n;p could be correlated with
the recombination mechanisms or degradation processes occurring in the device. In this context, it was observed
that the three different degradation patterns identified for P,... can also be identified by n;p. Hence, these three
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representative power loss tendencies were compared with their corresponding ideality factor (n;p). To this end, we
defined Tnp; as the time at which n;p first reaches a value of 2, with a physical meaning related to the transition
point between bulk SRH recombination through a single level to recombination through multiple levels because
of device degradation. Thus, based on the linear relationship between Tsy and the time to reach np=2 (Tnmp.) is
demonstrated that n;p analysis could offer important complementary information with important implications for
this technology’s outdoor development.

Finally, we must admit that the photovoltaic industry has invested efforts in developing diagnostic tools intended
to improve the energy production’s reliability and the installations’ safety. In this sense, although 7;p has not been
employed to monitor device evolution to see how the relevant processes evolve, for example, in degradation, this
work proposed a methodology to characterize the technology’s outdoor performance evolution and improve the
conventional P, analyses, using the n;p as a figure of merit (Velilla et al., 2021). This methodology could be
quickly adapted by research groups to estimate the status and evaluate the device’s performance evolution and by
the industrial sector to develop equipment or tools to perform diagnostic devices.
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1. Introduction

Perovskite solar cells (PSC) are expected to significantly impact the future if they can provide significant
performance outdoors. Outdoor conditions are highly demanding, as they are characterized by day-night, seasonal,
and weather cycles that correspond to drastic variations in irradiation, temperature, and moisture. While
accelerated performance tests help predict the devices’ behavior, continuous outdoor tests are also required to
provide information on the applicability of this technology in the real world. The outdoor exploitation of solar
devices requires encapsulation to protect the electrodes and active areas of cells against the environment, avoid
corrosion processes, increase the electrical insulation to eliminate leakage currents, and provide thermal and
mechanical support (Hasan and Arif, 2014). In this context, international standards such as IEC 61215 suggest
various accelerated tests intended to identify potential failures in silicon photovoltaic modules (broken
interconnects, cracked cells, delamination, dielectric breakdown, bypassed diodes, and corrosion). Thus, based on
the experience gained in recent decades through such accelerated tests and field evaluations, these failures in
photovoltaic modules have been correlated with various degradation modes, such as corrosion, delamination,
discoloration, glass breakage, cell cracking, potential-induced degradation, current leakage, ion migration, hot
spots, and soiling (Oliveira et al., 2018; Wang et al., 2013). Nevertheless, because the standards do not include all
possible degradation modes and, in real operation, photovoltaic devices can be affected by different degradation
modes simultaneously, it is not always possible to estimate the real lifetime from these tests (Osterwald and
McMahon, 2009).

In emerging technologies such as PSC, no international standards have been fully established, and most published
works have focused on laboratory-scale cells (i.e., 1 cm? or smaller in size). The first certificated minimodule of
this technology was reported in 2016 by SJTU team, which corresponded to 12.1% of efficiency, 10 serial cells,
and an illuminated area of 36.13 cm” (Green et al., 2017). Toshiba reported the last certified PSC module with an
efficiency of 16.1%, 55 serial cells, and an illuminated area of 802 cm? (Green et al., 2020). Consequently, various
upscaling works have been published (Green et al., 2018; Hu et al., 2019; Qiu et al., 2019), and different methods
and materials have been used to evaluate the stability and degradation performance of this technology (Anoop et
al., 2020; Cheacharoen et al., 2018; Domanski et al., 2018; Holzhey and Saliba, 2018; Tress et al., 2019; Yang et
al., 2015). In this regard, a broadly-supported consensus statement on reporting data related to stability assessment
was recently published, highlighting certain particularities of PSC technology that must be taken into account
(Khenkin et al., 2020). For instance, in contrast to mature photovoltaic technologies such as Si and GaAs, PSCs
show performance loss reversibility under day-night cycles (Domanski et al., 2017; Khenkin et al., 2018); a
hysteresis effect in the current-voltage (I-V) curves, which could induce errors in the performance determination
(Christians et al., 2015); and a lower dependence of performance and V. on temperature (Schwenzer et al., 2018).

While these peculiarities of PSC could be seen as drawbacks for their systematic analysis, they also provide new
opportunities for PSC’s characterization (Hoye et al., 2017). This technology is in its infancy, and there are scarce
statistical data available for large devices operated outdoors (Hu et al., 2019). Therefore, there is not enough
available data to fully establish or identify the degradation modes and mechanisms of PSCs and their impact on
outdoor performance evolution. Moreover, under high-irradiance conditions, PSCs show significant differences
from conventional Si cells. It has been demonstrated for perovskite minimodules operating outdoors (Velilla et al.,
2019b) and for non-encapsulated solar cells under simulated weather conditions in the laboratory (Tress et al.,
2019). These results indicate that PSCs show lower correlations of their performance and open-circuit voltage
(Voc) with temperature than other commercial technologies, such as silicon (Deng et al., 2019), for which the
deleterious effects of temperature on performance are well known (Green et al., 1985; Osterwald et al., 1987).
This difference in temperature sensitivity is an essential aspect of PSC technology to consider.
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Conventionally, the performance evolution of solar cell devices is monitored through the systematic measurement
of I-V curves as a function of the temperature and illumination conditions. In the laboratory, it is relatively easy
to set up tests to track the performance, for instance, at the maximum power point; however, such control is
intrinsically unreasonable outdoors. The illumination and temperature variations induced by day-night, seasonal,
and weather conditions necessitate a systematic analysis of a high quantity of data, depending on the measurement
sampling rate and exposure time (Wang et al., 2018). Hence, in such power loss studies, it is common to correct
the I-V curves for temperature and irradiance in accordance with the standard test conditions (STC, corresponding
to an irradiance of 1000 W/m?and a module temperature of 25 °C). However, such conditions are difficult to reach
outdoors (Velilla et al., 2019a). Although the conventional method of monitoring outdoor module performance
based on I-V curves produces rich numerical data, it offers no direct indication of the physical processes occurring
in the device and thus provides no information about degradation modes.

In this context, to evaluate the photovoltaic device’s lifetime, a parameter that refers to the time at which the device
reaches 80% of its initial rated power (7%s) is commonly used as a figure of merit. 75y depends on various factors,
such as the materials and procedures used for device fabrication, cell interconnects, weather conditions, seasonal
variations, installation conditions, shading and soiling effects, and electrical mismatch between cells, among others
(Makrides et al., 2014). This parameter is commonly obtained from the relationship between the maximum power
and time in a long-term analysis of a device under real outdoor operating conditions. Moreover, considering that
the performance over time shows seasonal behavior and a gradual performance loss tendency, Tsy has been
commonly fitted using statistical methods, such as linear regression, to estimate the degradation rate (Phinikarides
et al., 2014). As a complementary analysis to this scheme, it is proposed to take advantage of the outdoor
conditions’ variability to track the perovskite minimodule performance by the determination of ideality factor
(np), also called the quality factor or shape curve factor.

Despite the potential of np, this parameter has not been employed to monitor device evolution over time to see
how the relevant processes evolve, for example, in degradation. Therefore, this work proposed to take advantage
of the weak dependence of V.. on T in PSCs (Schwenzer et al., 2018; Tress et al., 2019; Velilla et al., 2019b) to
calculate n;p and use it as a figure of merit for monitoring and characterizing the outdoor performance of this
technology. Hence, day-night cycles, including dawn and noon conditions, can naturally provide a broad range of
illumination conditions, allowing n;p to be determined. Moreover, taking advantage of this exciting parameter to
determine the physical processes acting on devices, this parameter was linked with the degradation modes. For
this purpose, the outdoor performance for MAPbI; minimodules was tracked, recording the evolution of the
maximum power (Pnq) under power rating conditions suggested by the IEC61853-1 standard, precisely the
nominal operating cell temperature (NOCT) conditions, to compare the resulting data with the n;p evolution
estimated only from V,., light irradiance, and ambient temperature. It was showing that this new methodology
identifies similar features to those found using the classical approach based on P, enabling tracking of the
physical processes occurring in the device. Finally, the linear relationship between the time at which the module
reaches n;p =2 (Tnip2) and Ty, suggested the complementarity of these two parameters. This complementarity has
important implications for improving the characterization and understanding of the degradation processes and,
consequently, for the PSC’s outdoor optimization.
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2. MAPI Perovskite Devices Fabrication and Characterization

This chapter presented the fabrication and electrical performance characterization of MAPbI; minimodules of 8.0
cm’ in size formed of 4 cells interconnected in series, with an inverted mesoporous structure
(ITO/N;Ox/Al,O;/ MAPI/PCMB/Rhodamine/Au, Figure 2-1a-b). This structure has been demonstrated to be
feasible for fabricating large-area devices up to 100 cm? in dry-box conditions by spin coating (Ramirez et al.,
2019; Velilla et al., 2019b). In this structure, the incorporation of NiOy and mesoporous layer (Al,Os3) improves
the reproducibility for fabrication over large-areas and reduces hysteresis (Ciro et al., 2017b; Ramirez et al.,
2018a), while the incorporation of thodamine improves the electronic effects (Ciro et al., 2017a). Moreover, to
evaluate these devices at outdoor conditions, the electrical contacts (ITO and Au contact) were extended using an
adhesive silver tape and encapsulated in a glovebox with ethylene-vinyl acetate (EVA)/glass. The borders were
covered with epoxy resin to minimize the direct exposure of the EVA (Figure 2-1c). Finally, fabricated devices
were characterized by impedance frequency response (IFR) and ideality factor (n;p). Therefore, an experimental
procedure was implemented to estimate the n;p from the relationship between V,. and light intensity and from the
relationship between the bias and R,..in IFR test. This procedure was used in previous works (Yoo et al., 2021,
2020), allowing identification of the device’s recombination mechanism and demonstrating an excellent agreement
with the n;p values calculated for both methodologies. Therefore, it was possible to identify the Shockley-Read-
Hall (SRH) recombination mechanism dominating the devices, based on the n;p values ranged between 1 and 2.

(b)

Figure 2-1. MAPI devices.
a) scheme of layers involved in the devices. b) unencapsulated solar cell and c) encapsulated minimodule. Devices were
fabricated on ITO substrate of 5 x 5 cm.

2.1 Device Fabrication

2.1.1 Perovskite Solar Cells

The spin coating procedure carried out in dry-box conditions enables us to obtain uniform films of perovskite and
interlayers also on large areas substrates, as was mentioned in (Ramirez et al., 2019). Thus, similar conditions
related to the preparation of precursor solution and spin-coating parameters were exploited to deposit each layer
and fabricate the whole device on an ITO substrate of 5 x 5 cm.

2.1.1.1 Layers Deposition

The NiOy hole transporting layer was dynamically spin-coated at 3000 rpm for 30 s using a concentration of 23
mg/mL in deionized water. The nanoparticles of NiOx were synthesized by our laboratory personnel using the
chemical precipitation method, as was mentioned in (Ciro et al., 2017b). The mesoporous layer of Al,Os was
dynamically spin-coated at 4000 rpm for 30 s using a commercial alumina nanoparticles dispersion diluted in
isopropanol with a ratio of 1:5. MAPI layer was dynamically spin-coated at 3000 rpm for 30 s, by using a molar
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ratio of 1.06 between methyl ammonium (MAI) and lead iodide (Pol2), dissolved in acetonitrile/methylamine
solvent. A surface treatment with methyl ammonium chloride (5 mg/mL in IPA) was carried out by dynamical
spin-coated at 4000 rpm for 30 s. Next, the substrate was thermally annealed at 100 °C for 10 min. PCBM was
dynamically spin-coated at 2000 rpm using a concentration of 20 mg/mL in chlorobenzene. Rhodamine was
dynamically spin-coated at 4000 rpm using a concentration of 0.5 mg/mL in anhydrous ethanol. Finally, the contact
layer of gold was thermally evaporated under vacuum at 0.1 nm/s, Figure 2-1.

The complete characterization of the MAPI layer, which included a solvent treatment with methyl ammonium
chloride (MACI), was shown in previous works (Ramirez et al., 2019), remarking the advantage of incorporating
the Al,Os layer to avoid pin-holes and increase the reproducibility in the fabrication process. In this context, Figure
2-2 shows the top-view SEM images taken at different locations of the perovskite film deposited on the top of
NiO/Al,Os substrates of 10 x 10 cm, which were cut on pieces of 2x8 cm. Therefore, it was possible to observe
pin-holes in the film deposited on the top of the planar NiOx substrate (Figure 2-2a). At the same time, the
morphologies improve on the top of the mesoporous layer (Figure 2-2d-f), indicating a more uniform film in the
case of the mesoporous device due that the Al,Os; layer completely covers the ITO layer.

L 20kV  X7,000 2um £ 20kV  X7,000  2pm : 20KV, X7,000  2pm 7 <

12kV  X7,000  2pm T sy ; ; Pl 2oy x7000 Zpm gl
Figure 2-2. SEM of MAPI layer deposnted on ITO substrate of 10 x 10 cm.

a-c) related to a perovskite layer on the planar structure, being evident the pin-holes on the sample (a). d-f) related to a
perovskite layer on top of the mesoporous layer, which allowed to fully cover the substrate and obtained homogenous
layers. a) and d) on the top of the samples. b) and e) on the center of the samples and ¢) and f) on the bottom of the samples.
These SEM corresponding to pieces of 2 x 8 cm from the central region.

Figure 2-3 shows the cross-section SEM images of layers deposited on ITO substrate of 5 x 5 cm to validate
aspects related to morphology and layers thickness. From these SEM images, it is observed the thickness of the
NiOy and the mesoporous layer of approximately 20 nm and 100 nm, respectively. Also, it is observed that the
mesoporous layer covers the NiOy layer creating a uniform layer between MAPI and the hole transport layer. On
the other hand, Figure 2-4 shows some representative AFM images of the layers on the NiOx film’s top. From
this, it is possible to observe the effect of incorporating different layers, which help to fill spaces or passive defects
on the previous layers, reducing the roughness of the final films based on the lower deviation measured (STD) on
the region evaluated.
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Figure 2-3. Cross-section SEM images of MAPI mesoporous devices deposited on ITO substrate of 5 x 5 cm.

a) intended to illustrate the layer morphology. b) intended to illustrate the thickness of the NiOx layer of approximately 20

nm. ¢) intended to illustrate the thickness of the mesoporous layer of approximately 100 nm. d-f) related to another sample.

d) intended to illustrate the effect of depositing the PCBM layer on MAPI. e) the thickness of mesoporous layer (A1203) and
P secondary electrons image of the image showed in e.

Figure 2-4. AFM of layers involved in the device.
Corresponding a) to NiOv/Al2O3s/MAPI (STD=10.181nm). b) to NiO/Al203s/MAPI/PCMB (STD=3.063nm) and c) to
NiOx/Al:03/MAPI/PCMB-Rhodamine (STD=3.461nm). The layers were deposited on ITO subtracted of 5x5 cm.

2.1.1.2 Area Effect on the Electrical Performance

Once uniform layers were obtained on ITO substrate of 5 x 5 cm, solar cells of MAPI inverted structure were
fabricated, changing the active areas between 1 and 11.2 cm?, Figure 2-5a-b. A laser etching on the ITO substrate
was performed on the borders (width of 0.5 cm) to limit the active area. Therefore, the ITO effective area was 16
cm’. Finally, regarding the contact electrodes width of 0.7 cm for ITO and 0.5 for gold (left part and right part on
Figure 2-5 a-b), the maximum active area for the device was limited to 11.2 cm®. Figure 2-5c shows some
representative I-V curves to illustrate the electrical operative range of the variables involved in the fabricated
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devices’ performance. It is to highlight that the I-V curves were measured using an Oriel Sol3A sun simulator and
a 4200SCS Keithley system, being the maximum current limit of 120 mA. For that reason, the maximum active
area of the cell was limited to 10 cm?.

(©)

Current (mA)

06 08 10 1.2
Voltage (V)

Figure 2-5. Solar cell fabricated on ITO substrate of 5 x 5 cm.

a) photo of the fabricated device with an active area of approximately 8.4 cm?. b) photo of the fabricated device with an
active area of approximately 7.0 cm’. The photo shows the silver tape used to extend the electrical contacts. c)
Representative I-V curves of perovskite solar cells (monolithic) to illustrate the electrical performance of devices according
to active areas ranging between 2 and 11 cm’.

Figure 2-6 shows the parameters extracted from the I-V curves in the form of scatter plots. These plots included
trend lines corresponding to the fitted second-order polynomial to visually guide the effect of the area on the
electrical performance. From these results, it is easy to observe that larger active areas correlated with higher Py
and lower efficiencies (Figure 2-6a-b). The areas of approximately 2 cm?® correlated with higher efficiencies
(greater than 10 %) and higher FF (greater than 50%), Figure 2-6a-c. Also, the behavior shown by Py and I as
a function of area (Figure 2-6d) suggested a stabilization trend as the active area increase, pointing to the
performance losses because of the larger areas.

On the other hand, because similar V. values were obtained for the large-area solar cells and small-area solar cells
ranging between 0.09 and 0.52 cm? as was shown in (Ramirez et al., 2019), the area effect on the V,.could be
neglected (Figure 2-6¢). These results mainly suggested that similar perovskite layer thickness was obtained for
the active areas up to 9 cm? (as can be seen in Figure 2-3 and Figure 2-4). Finally, the linear relationship between
Vo and I, illustrated the central aspect related to the ITO losses (Figure 2-6f). Higer I, correlates with lower V.
(involving in the large areas), while higher V.. correlates with lower /. (involving in the smaller areas). This fact
suggested that the drop in V. is related to ohmic resistances (series resistances). This aspect is evidenced in the
behavior of the I-V curves near the V,. (Figure 2-5c).
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Figure 2-6. Effect of the active area on the electrical performance of solar cells.
Corresponding to a) the maximum power. b) the efficiency. c) the fill factor. d) the short-circuit current. e) the open-circuit
voltage and f) the relationship between the open-circuit voltage and short circuit current. The dots correspond to the data,
and continuous lines correspond to the data fit (second-order polynomial functions).

2.1.2 Perovskite Solar Minimodules

Despite that perovskite technology is an emerging technology, different works in the literature allowing the
determination of the architecture, area, number of cells, and electrical performance in the upscaling of PSC devices
(Green et al., 2018; Hu et al., 2019; Qiu et al., 2019). Highlighting that most of these devices used three scribe
lines or patterns (P1, P2, and P3) to interconnect the cells in series. This technique is widely employed in other

thin-film photovoltaic technologies as silicon, CIGS, and polymer (Booth, 2010; Harald et al., 2012), Figure 2-7a-
b.

In the case of perovskite cell interconnection, a complete description of these patterns was shown in (Moon et al.,
2015). Briefly, the P1 scribe line is performed on the transparent conductive oxide layer (ITO or FTO) to limit the
sub-cells area. The P2 scribe line is performed on the charge transport layers (electron and hole layers) and
perovskite layer, intended to clear the ITO or FTO layer and allow interconnection between the back electrode and
the charge transport layers. Finally, the P3 scribe is performed to remove the back-contact layer and separate the

cells. Therefore, the active area is limited by P1 and P3 lines. In contrast, the death-area is limited by P3 and P1
lines (Figure 2-7¢c).

(2) (b) ()

Al bridge length Al length (/) W Activearea(W,) _:Deadarea(W,)

Charge transport layer (ETL or HTL) |
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b Charge transport layer (HTL or ETL) ' 3
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Figure 2-7. Schematic of scribe patterns.
a) thin-film silicon cell interconnection (Booth, 2010). b) polymer cell interconnection (Harald et al., 2012). ¢) perovskite
cell interconnection (Galagan, 2018).

2.2.2.1 Minimodule Design

The experience in the fabrication of PSC in large-areas (Figure 2-6) and minimodules using the three scribe lines
to interconnect the cells (Ramirez et al., 2019; Velilla et al., 2019b) indicated that an active area of approximately
2 cm? per sub-cell is required to reach efficiencies higher than 10% and mitigate the series resistances issues
(evidenced in large-areas devices). Thus, 4 cells were determined, fixing the distance between cells to 0.7 cm

17



(distance between P3 lines) to reduce electrical losses (Moon et al., 2015) and the distance between P1 and P3 to
0.1 cm to limit width cell to 0.6 cm. Therefore, the maximum active area of the minimodule was limited to 9.6
cm? (estimated area after excluding the edge, death, and conductor areas, see Figure 2-8). Here, it is remarked that
P1 is the scribe line performed on the ITO layer to delimit the active area of sub-cells, which is filled with the
following layers. P2 is a scribe line intended to connect the cells in series when the gold contacts the ITO. For that,
this scribe must remove previous layers to clear the ITO (N;Ox/Al.Os/MAPI/PCBM/Rhodamine). P3 is a scribe
line performed on the gold layer to insulate the cells electrically. Finally, the designed device could be considered
as minimodule following the device’s definition shown in (Hu et al., 2019) because the device has 4 cells
interconnected in series and an active area per cell of approximately 2 cm?.
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Figure 2-8. Designed and fabricated minimodule.

a) minimodule scheme including the dimensions. The gray region corresponds to the edges in which the laser etching was
performed. The blue regions correspond to the death areas in which the scribe lines must be included (P1, P2, and P3). The
brown regions correspond to the active area of 4 cells. The dark brown and beige regions are intended to contact the gold
(Au) and ITO, respectively. The orange regions are intended to extend the electrodes from the device with silver tape. b)
fabricated device.

2.2.2.2 Effect of Scribe Lines (P1, P2, and P3) on the Active Area

Figure 2-9 shows representative scribe lines on different devices. Corresponding the dark line to P1 (laser scribe
on ITO), yellow line to P2 (laser scribe to remove previous layers and clear the ITO), and orange line to P3
(mechanical scribe to remove the gold and insulate the cells electrically). From these representative cases, it is
observed that the death area could be different and, therefore, the active area. At this point, some aspects must be

highlighted:

a) P1 and P2 are laser scribe lines, so the alignment between the substrate and equipment is visually carried
out. For that, keeping similar alignment in both cases could be tricky, resulting in different gaps between
P1 and P2 (Figure 2-9).

b) P3 is a mechanical scribe line carried out using a 3D printer adapted with a needle (Figure 2-10a). A G-
code was written to control the printer and perform the mechanical scribe on the defined area (Figure
2-8a). However, the needle was located manually on the marked guides performed at the top and bottom
of the device to start the scribe process (run the G-code). Hence, it is possible that the needle cannot always
be over and center on the marks, resulting in distances between P1 and P3 greater than expected (1000
um), Figure 2-10c. This visual error could increase the death area, reducing the cell width from 0.6 to
approximately 0.5 cm and the active area of each cell from 2.4 to 2.0 cm®.

¢) The marked guides for P3 are carried out by laser at the top and bottom of the device while the P2 scribe
line is performed. So, P2 scribe lines and P3 guides are in alignment, but may not be aligned with P1, due
that both scribes are performed at different times in the fabrication process. Besides, to keep the guides,
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these guides on both sides are cover with a Kapton tape of 0.63 cm of width before the gold evaporation
(Figure 2-5). So, the Kapton tape could reduce the cell length from 4 cm to 3.7 cm.

d) P3 is a mechanical scribe line. Hence, the line width may not always be the same, as is shown in Figure
2-9. This effect is observed in a better way in the SEM images of Figure 2-10b-c. So, the gold electrode’s
mechanical deformation or delamination caused by the needle (P3 scribe line) could introduce a deviation
in the effective active area that is not easy to estimate. Moreover, the delamination (Figure 2-9b) or
particles of Au could affect the cell insulation or produce short circuits between cells, effects reflected on
the Vie.

e) The ITO substrates of 5 x 5 cm were obtained, cutting 10 x 10 cm substrates manually. Hence, some
imperfections on the borders could be difficult for the alignment to perform the scribe lines, affecting the
device’s active area.

f) Finally, despite drawbacks related to scribe lines (P1, P2, and P3), it is expected that these were parallel
to each other to avoid short circuits and connect the cells in series. Corresponding the ideal case to P2
centered between P1 and P3. Nevertheless, if the gap between P2 and P3 is greater than the defined gap
(500 um), the probability of short circuits between cells is reduced, corresponding to the most common
case obtained.

Figure 2-9. Representative scribe lines measured with an optic microscope.
In the photos, PI lines are on the left (dark color), P2 lines are on the center (yellow color related to gold), and P3 lines are
on the right (orange color).

lpm  scIC
16,000 15.0kV SEX seM WD 1lmm

Figure 2-10. P3 scribe line.
a) 3D printed adapted with a needle and an optical microscope to perform the mechanical scribe on the gold electrode. b)
Transversal SEM on minimodule to observe the P3 pattern on the device. ¢) zoom on the transversal SEM image.

2.2.2.3 Minimodules Electrical Performance
Figure 2-11 shows the electrical performance of minimodules fabricated from different batches considering the
inverted structure (Figure 2-1). The I-V curves were measured using similar conditions as were performed in solar
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cells Figure 2-6. Hence, from the I-V curve data, electrical performance parameters such as Py, L, Voc, and FF
were extracted and analyzed in the form of boxplots to illustrate the data dispersion and median values. These
plots allowed highlighting some aspects.

a)

b)

c)

d)

¢)

g)

h)

In large-area cells (Figure 2-6a), a P,q. of approximately 26 mW is reached with a minimodule equivalent
area of 8 cm’® (Figure 2-11). However, in minimodules, an average Py of approximately 57 mW was
reached. These results evidenced the advantage of minimodules over the large area cells.

Based on the results of Figure 2-6¢, an FF of approximately 35% for active areas of approximately 8 cm?
is expected. However, the average FF in the minimodules was higher than 54%. This fact highlighted the
advantages of interconnecting the minimodules cells instead of large-area cells, considering similar areas.
Considering that the minimodule has 4 cells in series and the /i corresponded to the minimal current of
one of the cells (current correlated with the active area), the dispersion on /. suggested that the active area
was not constant. This result allowed validation of the drawbacks mentioned before, related to different
factors that affect the device’s active area.

Considering the behavior shown in Figure 2-6d related to /. as a function of the area in cells, which was
fitted appropriately to second-order polynomial function (I,;.(4) = —2.25A4% + 30.934 — 17.4), this
result may be used to estimate the active area of the minimodules cell as a function of the current, Figure
2-11a. Therefore, 50% of the /. data ranging between 26 and 38 mA, corresponding this current to an
active area of the minimodule cell ranging between 1.6 and 2.1 cm”. Thus, the mean I,. of approximately
29 mA correlated with an active area of 1.7 cm?.

Considering the efficiency commonly related to the total area, aperture area, or illuminated area (Hu et al.,
2019), if the polynomial function fitted to reproduce the behavior between I and area is used to estimate
the illuminated area, the average efficiency value increase from 6.8 to 8.1%, and the maximum efficiency
increase from 12.2 to approximately 15 % (Figure 2-11b).

Based on the V. results show in Figure 2-11b, the data dispersion suggested a mean value of
approximately 4 V for the minimodules. In this context, the V,. obtained in minimodules allowed us to
validate the series connection of the 4 cells because an average V.. of approximately 1.01 V was obtained
on large-area cells (Figure 2-6¢).

Furthermore, it is well known that the ITO sheet resistance (R is related to the electrical losses (Harald
et al., 2012). This parameter is the main issue on large-area devices (Figure 2-6) and studied in the
literature (Galagan et al., 2016; Li et al., 2020) that directly affect the Py, FF, and V.

The drawbacks related to the manual fabrication process can be seen in the data dispersion shown in the
form of boxplots in Figure 2-11. Being the data dispersion mainly due to the changes in the active area of
devices, as was mentioned before (this area is not constant). Moreover, it highlights that these diagrams
included all fabricated devices from different batches (history of devices). Thus, these diagrams illustrated
the devices’ reproducibility status and allowed visualization of the trend and operative range of variables.
Figure 2-11c shows representative cases of the last batch fabricated, intended to illustrate the
improvement in the fabrication process based on the higher FF and V. reached, corresponding the brown
I-V curve to the higher efficiency reached (12,2% considering an area of 2 cm* per sub-cell).

Finally, despite that the structure used in this work is not considered as the most efficient in the literature
(Huang et al., 2019), various devices reached values in the range of efficiencies reported in the literature,
this is between 10 and 17 % for minimodules with the similar area (Liu et al., 2020).
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Figure 2-11. Electrical performance of minimodules fabricated.
a-b) variables related to the electrical performance of devices are shown in the form of boxplots to illustrate the data
deviation due to the evolution in the fabrication process. ¢) Representative cases from the last batch in which the higher
efficiency was reached (12.2 %).

2.1.3 Encapsulation Process

The electrode contacts were extended using silver tape (Figure 2-12a). Then, they were encapsulated with EVA
between the device and another glass. EVA was annealed on the glass at 140 °C on a hotplate in a glovebox for 10
minutes. Then, it was put on the device and annealing at 80 °C on another hotplate for 5 minutes. Finally, the
borders of devices were covered with epoxy resin (Figure 2-12b-c).

Figure 2-12. Fabricated devices.
a) extending the contact with silver tape. b) encapsulated devices and covered borders with epoxy resin. ¢) representative
batch.

The selection of EVA for encapsulating the perovskite devices was due to different reasons. a) it is commonly
used in the silicon solar industry (Hasan and Arif, 2014; Osterwald and McMahon, 2009; Wang et al., 2013). b)
there are different accelerated tests included in International Standards for solar modules as IEC 61215 and their
older version IEC 61646, intended to identify potential failures, such as break interconnects, cracked cells,
delamination, dielectric breakdown, bypass diode, and corrosion (IEC 61215-1-2, 2004; IEC 61646, 2008). ¢)
perovskite solar cells have been successfully encapsulated with EVA to withstand the temperature cycles
(Cheacharoen et al., 2018). The temperature cycles test is one of the accelerated tests suggested by IEC 61215 and
applied in perovskite solar cells using different encapsulating materials (Shi et al., 2017).

Consequently, the conditions to encapsulate the devices resulted from different accelerated tests carried out to
evaluate the encapsulation process. For instance, Figure 2-13 shows an accelerated test performed using a Xenon
Test Chamber to evaluate EVA encapsulation on MAPI layers and cells exposed to light intensity (0.1 Sun) and
temperature (85 °C). A significant color change was observed from these tests on the back electrode of devices

21



with silver as the electrode (Figure 2-13b). This effect correlated with the faster device’s performance degradation
(Figure 2-13c). Hence, after this, all the devices were fabricated using gold instead of silver.
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Figure 2-13. Light and temperature accelerated test.

a) Xenon test chamber used to set the temperature at 85 °C and light intensity to 0.1 Sun. b) image collage to show the
accelerated test’s visual effect on devices after 17 h of exposure, images on the left are for the front part of devices, while
the images on the right are for the back part of devices. c) effect on the electrical performance of the accelerated test for 60
h. Two representative cases are shown: the device with gold as the electrode and another for the device with silver as the

electrode.

The EVA encapsulation process required annealing the devices at 140 °C and extract the air to avoid the air bubbles
(with vacuum during the process). To mitigate the effect of the temperature on the MAPI devices, the annealing
process was divided into two parts. The first, in which the EVA over a clean glass is annealing at 140 °C in a
hotplate for 10 minutes. The second, in which the perovskite devices (layers on ITO) are put on the EVA and
annealing at 80 °C in another hotplate for 5 minutes. Finally, the borders of devices are sealed with an epoxy resin.

To evaluate the moisture withstands of encapsulating devices, these are exposed to 100 % of humidity, Figure
2-14a. Figure 2-14b shows encapsulated devices evaluated for 5 days using two different epoxy resins. According
to the manufacturer, the transparent Epoxy Quick resin by Loctite is suitable for temperatures lower than 100 °C,
while the white Epoxy Bonder resin by Loctite is suitable for temperatures lower than 200 °C. From different tests,
the transparent resin better withstands the humidity test because the white resin in only two days showed visual
degradation (Figure 2-14b), which can be observed in a better way under a microscope (Figure 2-14d-f). After 5
days of exposure, a complete degradation was observed (Figure 2-14c). Devices sealed with a transparent Epoxy
Quick Set resin by Loctite did not show visual degradation effects during the exposure, even under a microscope.
Hence, the transparent resin was selected to seal the devices.

To validate the batch encapsulation process, a 100% humidity test is performed on randomly selected samples for
one day, Figure 2-15. The batch passes the test if the performance of the tested devices does not show significant
changes. Then, the devices belong to this batch are suitable for other tests (such as outdoor conditions). Figure
2-15b shows the I-V curves of three devices belonging to the same batch. Here, the batch’s encapsulation process
is successful because no significant changes were observed in the performance (black marks on the figure).
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Figure 2-14. Humidity Accelerate test.

a) experimental setup, corresponding to a sealed glass container with deionized water and devices. The glass container is
put on a hotplate at 40 °C. The devices are placed on a rubber container to avoid direct contact with water. b) devices
sealed with different epoxy resins after 2 days of exposure. c) failure of encapsulation that allowed the humidity ingress of
device tested, photo corresponding to 2 days of exposure. d-f) microscope images related to samples showed in Figure
2-14b-c with visual degradation. The paths or marks shown in these images correlated with the ingress of moisture or
humidity.
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Figure 2-15. Testing the encapsulated process.

a) samples randomly selected and exposed at 100 % of humidity for 1 day. b) Changes in the electrical performance after
the test. Corresponding the blue, orange, and green lines to device 1 (blue to the unencapsulated device, orange to the
encapsulated device, and green after the test). Pink and red lines to device 4 (pink to the encapsulated device, and red after
the test). Brown, gray, and yellow lines to device 5 (brown to the unencapsulated device, gray to the encapsulated device,
and yellow after the test). The black marks are visual guides to illustrate the deviation in the performance between
encapsulated and exposed device.

2.2 Device Characterization

Conventionally, the performance of photovoltaic devices is characterized by the I-V curve considering the
ambient/device temperature and illumination conditions, such as the Standard Test Conditions (1000 W/m?* and
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25 °C of cell temperature). From this curve, main variables such as V., I, and P, are extracted to define the
electrical performance. However, due that the ideality factor (n;p) is the most reported parameter for different solar
cell technologies based on their relationship with conduction, transport, recombination process, and interface
junctions, here this parameter is calculated to improve the device characterization. Therefore, different
methodologies to estimate this parameter were implemented, including the impedance frequency response and the
relationship between V. and irradiance (Almora et al., 2018; Yoo et al., 2021, 2020).

Impedance Frequency Response (IFR) is a non-invasive nor destructive technique widely used in different
modeling applications within power systems, high-speed interconnects, electronic packages, and microwave
systems (Gustavsen and Semlyen, 1999). Briefly, in solar cells, it has been used to characterize electrical properties
of materials and their interfaces (Barsoukov and Macdonald, 2005), to characterize the corrosion-induced
degradation and life prediction of organic coatings on metals (Kendig and Scully, 1990), to observe degradation
effects in Dye-Sensitized Solar Cell (Wang and Gra, 2005), to identify the photovoltaic behavior related to
transport and recombination mechanism and to compare different architectures of perovskite solar cells (Gonzalez-
Pedro et al., 2014), to study the surface recombination on perovskite devices (Zarazua et al., 2016), to observe
insights related to degradation of perovskite solar cells because the moisture ingress (Ma et al., 2017), to show the
link between Dye-Sensitized and perovskite solar cells (Yoo et al., 2019), to classify new nanoscale perovskite-
sensitized solar cell (Yoo et al., 2020), to model the drift-diffusion on perovskite solar cells (Riquelme et al., 2020),
among others. All these applications have been possible because the IFR scans the impedance of devices, changing
the frequency of input sinusoidal wave and measure the output signal in a broad range of frequencies (typically
between 100m Hz and 1 MHz). This result is considered as a fingerprint of devices, which is a function of the
operative condition such as bias and light intensities conditions (Pitarch-Tena et al., 2018).

Considering that the impedance is a complex term formed by resistance (real part) and admittance (imaginary
part), the impedance is displayed in the form of complex diagrams such as Nyquist, Bode, or capacitance-
frequency, Figure 2-16. In the Nyquist diagram, the x-axis corresponds to the resistance, and the y-axis
corresponds to admittance. In this context, the impedance behavior is characterized by semi-arcs representing
different dynamic characteristics (physical processes), corresponding to the high-frequency response to the data
close to the y-axis and the low-frequency response to the data far from the y-axis. In the Bode diagram, the
magnitude and phase are plotted as a function of frequency, allowing observation of the main impedance features
in the analyzed frequency spectrum. Here, because both patterns are observed simultaneously, it is possible to
observe a better correlation with electrical elements such as an inductor, capacitor, and resistance (Gustavsen and
Semlyen, 1999). Finally, the capacitance-frequency diagrams show different capacitive processes and features in
the analyzed frequency spectrum (Guerrero et al., 2016a). This last diagram commonly shows three patterns or
plateaus that correlate with separated polarization processes depending on the frequency range. For instance, the
low-frequency region (frequencies close to 0 Hz) correlates with electronic/ionic accumulation at electrode
interfaces (oxide properties). The intermediate-frequency region (frequencies close to 1000 Hz) correlates with
photogenerated carriers and surface recombination, and the high-frequency region (frequencies close to 1 MHz)
correlates with the geometric capacitance and bulk of the device.
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Figure 2-16. Diagrams used in literature to represent the Impedance frequency response.

a) Nyquist diagram to illustrate the semi-arcs related to different kinetic relaxation constant (Ghahremanirad et al., 2017).
b) Bode diagram to illustrate the effect of changing the T:Ox-layer thickness on the impedance of dye solar cells (Kern et al.,

2002).

¢) Capacitance-frequency diagram for MAPI solar cell under different applied bias and dark conditions (Almora et
al., 2016).

2.2.1.1 IFR of Fabricated Devices

To characterize the impedance patterns for the fabricated devices, nine devices were analyzed: 3 without electron
transport layers (ETL free, without Rhodamine and PCBM) and an active area of approximately 4 cm? 3 cells,
and an active area between 2 and 3.6 cm?, and finally 3 minimodules of 4 cells interconnected in series and an

active

area of approximately 8 cm”. These were analyzed under dark and one sun conditions considering open-

circuit conditions following the experimental setup shown in Figure 2-17. Hence, a LED light system by Newport
and potentiostat by Autolab PGSTAT-30 were used. Subsequently, the bias of a potentiostat was set to V.. In this
operative point, the IFR response analysis was performed in the range of 100 mHz and 1 MHz, using an AC signal
of 10 mV in amplitude and scanning first from high to low frequency (down) and then from low to high frequency
(up) to ensure the reliability of the measurement while avoiding parasitic effects.

=t

Figure 2-17. Impedance frequency response experimental setup.

To record the impedance, a potentiostat by Autolab PGSTAT-30 was used. To change the light conditions, a LED light

system by Newport was used.

The IFR results are shown in the form of Nyquist diagrams (Figure 2-18) and Bode diagrams (Figure 2-19). From
these results, it is possible to characterize the impedance of devices, for instance:

a)
b)

In a general way, Nyquist diagrams show two semi-arcs as it is conventionally observed for other solar
cells.

Considering that both conditions showed different magnitude orders (Q for light and kQ for dark), the
Bode diagram allows us to visualize in a better way both results at the same time to correlate some features
with the frequency. In this way, cells and minimodules show similar behavior to the low pass filter, which
is mainly characterized by two cut-off frequencies at which the impedance shows a “knee curve” defining
a transition of the impedance by the two straight-line regions. Under dark conditions, one at approximately
10 Hz for cells and 100 Hz for minimodules, another at 100 kHz for cells, and 500 kHz for minimodules.
Under light conditions, one at 50 kHz for cells and 100 kHz for minimodules, another at 200 kHz for cells,
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and 1 MHz for minimodules. These cut-off frequencies define three regions. 1) Low-frequency region, in
which the impedance is constant. 2) Intermediate region, in which the impedance decreases as the
frequency increases. 3) High-frequency region, in which the impedance increases as the frequency
increases.

In the ETL-free devices, the impendence patterns show four cut-off frequencies under dark conditions,
approximately at 0 Hz, 10 Hz, 100 kHz, and 100 kHz. Nevertheless, under light conditions, the impedance
patterns show similar behavior to other devices. These results allowed us to evidence the function of the
ETL layer in the complete device, which changes the impedance pattern to get closer to the pattern
behavior of the low pass filter, allowing the electrons collection and the electron direction as it can be seen
in the Nyquist plots under illumination conditions test (Figure 2-18d-f). Besides, the ETL layer reduces
the resistance at high frequencies (Figure 2-19a-c) and increases the impedance at low frequencies. This
fact could be attributed to the capacitive effect of introducing the ETL to complete the device, which is
reflected in the impedance angle behavior that tends to -90° (Figure 2-19d-¢).

Based on the impedance phase, it is possible to observe well-defined peaks at approximately 100 kHz
(high frequencies) under light conditions. Under dark conditions, two peaks appear in a short bandwidth
at the intermedia frequencies for cells and minimodules. For devices without ETL, the peaks appear at 10
Hz and 10 kHz, respectively. These facts suggest that the first peak could be correlated with the interaction
between the perovskite and the mesoporous layer. To confirm this, Figure 2-20 shows the impedance
pattern for different devices in ITO substrate of 2.5x2.5 cm. One related the perovskite layer between gold
contacts (Caram et al., 2020), another related to mesoporous layer (NiOx/A[>O3) between ITO and Cu tape
as contacts, and other related to planar device (/TO/NiOx/MAPI/Au). From these impedances, it is possible
to observe that none of these devices shows a phase peak a low frequency as it was observed in the
incomplete cell (without ETL) in Figure 2-19c. In contrast, the perovskite layer between electron contacts
shows an ideal capacitive behavior, acting as the low pass filter, reaching the maximum phase value of -
90° at approximately 30 kHz. It suggests that the phase peak at low frequency could be correlated with the
interaction between perovskite and the mesoporous layer as it was observed in dye solar cells according
to the T;O,-layer thickness (Kern et al., 2002). Hence, this interaction is improved when the electron layer
is included, as was mentioned in (Ramirez et al., 2018a).

Relating to the capacitance results, when complete devices are considered (cells and minimodules), it is
observed that for frequencies lower than 10 kHz, the capacitance changes according to light intensities.
For frequencies between 10 kHz and 100 kHz, the capacitance is almost constant, but at a higher
frequency, the capacitance shows a decreasing trend.

Finally, based on these results, it is possible to see the advantages of connecting cells in series over the
large area cells (monolithic). On the one hand, based on the parameters extracted from the I-V curve, the
electrical losses reduction allowed the increase of FF and efficiency, as it was shown in Figure 2-11, on
the other hand, based on the IFR, a significant reduction of minimodules capacitance versus the cell
capacitances, allowed improving the impedance over the frequency range evaluated (insulation), fact that
it is evidenced in the impedance phase which tends to -90°, pointing to a more capacitive effect (Figure
2-19g-1).
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Figure 2-18. Nyquist diagrams of the impedance frequency response of encapsulated devices.
a-c) Nyquist diagrams of impedance under dark conditions. d-f) Nyquist diagrams of impedance under 1 sun of light
condition. Corresponding a) and d) to electron transport layer free (ITO/NiOv/Al203s/MAPI/Au), b) and e) to complete cells,
and ¢) and e) to complete minimodules. Markers are related to experimental data measured from high to low frequency
(down), and from low to high frequency (up). The solid lines are related to data fit using the equivalent circuit shown in
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Figure 2-20. The impedance frequency response of the unencapsulated devices.

Corresponding a) to the impedance magnitude and b) to the impedance phase. MAPI layer corresponds to the MAPI layer
deposited on the glass between the gold layer (Caram et al., 2020). The mesoporous layer corresponds to NiOx and Al2O3
layer deposited on the ITO substrate, and the planar device corresponds to NiOv/MAPI/Au layers deposited on the ITO
substrate. The IFRs were performed under dark conditions.

2.2.1.2 Equivalent Circuit to Represent the IFR

It is worth noting that different equivalent circuits have been used to reproduce the impedance spectra in the
literature. Nevertheless, the equivalent circuits showed in Figure 2-21 allowing reproduction of both arcs observed
in the impedance spectra, and it is a simple circuit, allowing a better interpretation of the extracted parameters.
Therefore, to complete the IFR characterization, impedances were fitting to this equivalent circuit model used in
previous work to reproduce the impedance features (Yoo et al., 2020). Corresponding the series inductance (L;) to
electrical wires, series resistance (R;) to wires and cell contacts, recombination resistance (R.) to resistance
between electrical contacts of the device, geometric capacitance (C,) to capacitance between electrical contacts of
the device. Thus, R,.. and C, are intended to reproduce the main features of impedance spectrum related to the low

pass filter behavior, and other elements such as R; and Cy are intended to produce some specific features of the
spectrum and correlated with the second arc.

For impedance fitting, a global optimization process involving a genetic algorithm (GA) and the simplex method
was implemented to minimize the square error between the measured impedance (Z) and the calculated impedance
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using the equivalent circuit (Z.041) at the frequencies considered (f), considering all samples recorded (NS),
Equation 1, in accordance with the methodology reported in previous work (Velilla et al., 2018). Therefore, the
main parameters of the genetic algorithm considered to perform the optimization process were a randomly
initialized population with a size of 200, tournament selection, a two-point crossover function, uniform mutation,
and 600 generations as the stopping criterion. Once the GA finds the solution, it is used as the initial condition in
the Simplex method to improve the error.

. 2
Eq”a[lon 1. Error = \/ gil(z(f(k)) - Zmodel(Rsr Ls: Rd' Cdl Cg,Rrec:f(k)))

Figure 2-21 shows the parameters of one representative sample of each device analyzed in Figure 2-18 and Figure
2-19. In this scheme, C,; shows similar values to those obtained at dark conditions in a wide frequency range
(Figure 2-19g-1), being this value almost constant under dark and light conditions, defining the electrical insulation
of devices, it means the capacitance between electrical contacts including the perovskite capacitance and other
interlayers. In addition, this parameter is approximately equal for the cell and the ETL free device, suggesting that
this capacitance is mainly related to perovskite layer (bulk) or geometrical capacitance. In the case of minimodule,
because four series cells are connected, this circuit could be approached as the connection of four circuits in series,
resulting in four series capacitances. For that, the equivalent capacitance is lower, as it was observed in Figure
2-21c. Other parameters are sensible on light, pointing that these parameters are mainly related to the
photoconversion processes or are affected by the current flow in the device. For instance, the R.. values in light
conditions are lower than in the dark, suggesting a lower recombination process under light conditions. Finally,
the values of the extracted parameters can be used as initial conditions to track the device evolution over time,
intended to identify or correlate the changes on the parameters with physical elements of the device.
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Figure 2-21. Equivalent circuits to represent the IFR of devices.
Extracted parameter for a) ETL free, b) cell, and ¢) minimodule. Corresponding the subscript “d” to dark conditions and
“I”" to light conditions.

The ideality factor also called the quality factor or shape curve factor, is the most reported parameter for different
solar cell technologies. This parameter has been used to define the electrical behavior of solar devices due to its
relationship with conduction, transport, recombination, and behavior at interface junctions, providing direct
information on the dominating recombination processes. Therefore, in silicon, n;p has been widely studied and
estimated in various ways, such as using the relationship between the open-circuit voltage (V,.) and light intensity
to overcome the effects of series resistance (Kerr and Cuevas, 2004), performing numerical calculations (Santakrus
Singh et al., 2009), and extracting this parameter from [-V curves at different light intensities and temperatures
using equivalent circuit models (Bashahu and Nkundabakura, 2007). For perovskite, although there are relatively
few reports related to this parameter, Tress and coworkers have reported a full interpretation of n;p for
nonencapsulated cells, establishing the relationship between the dominating recombination process, the light
intensity and V. (Tress et al., 2018). Besides, nip has been estimated through impedance/frequency-response (IFR)
analysis (Almora et al., 2018; Contreras-Bernal et al., 2019; Yoo et al., 2020), from the I-V curve at standard test
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conditions using a one-diode model (Velilla et al., 2018), and from the dark I-V curve through numerical
simulation considering the continuity and Poisson’s equations (Agarwal et al., 2014). Moreover, an agreement has
been shown between the n;p value estimated from the recombination resistance extracted through IFR analysis and
the value calculated from V. at different light intensities (Almora et al., 2018; Yoo et al., 2020).

In the case of silicon solar cells, n;p values are between 1 and 2. Close to 1 indicates ideal junctions, while equal
to 2 would be related to degradation of the solar cell, non-uniformities on recombination centers, and shunt
resistance effects (Jain and Kapoor, 2005). In dye-sensitized solar cells, n;p values are between 2 and 3 (Murayama
and Mori, 2006). In organic-solar cells, n;p values are higher than 2 (Chegaar et al., 2006). In perovskite solar
cells, ideality factors close to 2 have been reported due to carrier recombination and trap-assisted recombination
under dark conditions (Agarwal et al., 2014; Wetzelaer et al., 2015). When several hole transport layer thicknesses
are considered under dark conditions, the ideality factor ranging between 1.3 and 2.5 has been found (Marinova et
al., 2015). However, due to the estimation of this parameter could be affected by different aspects such as
hysteresis, slow relaxation processes, the open-circuit voltage dependence of light intensity and temperature,
capacitive effects, and parasitic resistances, among others, the perovskite ideality factor estimated from the dark
[-V curve could be higher than 2 (Almora et al., 2018).

2.2.2.1 Estimated nip from the I-V curve

Commonly this parameter is estimated fitting the [-V curve to circuital models based on Kirchhoff’s current law
as the one-diode model. This model is characterized to be implicit, nonlinear, and multivariable, Equation 2.
Therefore, there is no way to calculate an exact solution from the I-V data. Hence, up to 34 methods have been
proposed in the literature to extract or estimate the five parameters related to the model (Bashahu and
Nkundabakura, 2007; Cotfas et al., 2013). The shunt resistance (Ry;) is related to the leakage current across the
surfaces involving pin-holes, grain boundaries, and charge recombination processes (Mialhe et al., 1986). The
series resistance (R;) is reflected in the voltage drops and is related to the conductivity of the layers and interphases;
this parameter is affected by space charges, traps, or other barriers (Li et al., 2013). Virtually, a proportional
relationship between the photo-generated current (/) and irradiance intensity is observed. The diode saturation
current (/) is related to the material properties, junction configuration, recombination processes, and temperature.
Thermal voltage (V7r) depends on the temperature (7), the Boltzmann constant (), and electron charge (gq),
Equation 3. Finally, the ideality factor (n;p) is related to the Shockley theory involving conduction, interfacial
layers, transport, and recombination processes in the bulk and surface regions, directly affecting the shunt
resistance and the open-circuit voltage (Khan et al., 2013).

V+IRg

<V+1-Rs)
Equation 2. 1 = I, — I <e npVr) — 1) —

Rsh

Equation 3. Vo = k+T/q

However, since the estimation of the parameters of this model depends on different physical aspects (such as
temperature, light condition, number of series cells, among others), mathematical assumptions to simplify or
transform the problem, and the numerical method, which can be initial value-dependent (Bashahu and
Nkundabakura, 2007) or instable in the results (Ishibashi et al., 2008), it is possible to obtain large relatively-errors
in the optimization process due to unrealistic parameters, such as negative resistances (Chan et al., 1986) or higher
diode ideality factors (Araki and Yamaguchi, 2003). This instability in the estimated parameters has been observed
under measurement uncertainty when data noise or fewer points of the [-V curve are considered (Caracciolo et al.,
2012). These facts remark the complexity that is involved in estimating reliable parameters from the I-V curve.

Standard classification of methods to extract the parameters is exact and numerical methods. Some methods are
called exact because these parameters are expressed explicitly from algebraic manipulation. To obtain an analytical
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expression for the involved parameters, the most exact methods evaluate the one-diode model equation and its
derivative at specific points of the I-V curve, such as (Voc, 0), (0, i), and (Vupp, Impp). Moreover, to extract the
parameters, some assumptions have been incorporated to simplify the iterative process or reduce the number of
variables to be estimated (Bai et al., 2014; Cubas et al., 2014; de Blas et al., 2002; Khan et al., 2013; Phang et al.,
1984; Toledo and Blanes, 2016). Other methods are called numerical because they evaluate the one-diode equation
and its derivate in different points of the I-V curve, obtaining a set of nonlinear equations that can be solved using
the Newton-Raphson method (Hasan et al., 2016; Karatepe et al., 2006), iterative processes (Carrero et al., 2011),
among others. Additionally, when the numerical methods used to estimate the parameters required to calculate the
slope numerically at V,. and/or the slope at /i as the initial conditions, instability and non-convergence of the
solution can appear. Moreover, some of these methods can be sensitive to the initial conditions (Ishibashi et al.,
2008). To figure out these problems, numerical methods that are related to artificial intelligence, such as particular
swarm (Boutana et al., 2017), Genetic Algorithm (GA), has been successfully used to extract the five parameters
of the one-diode model (Mellit and Kalogirou, 2008; Zagrouba et al., 2010). In these cases, one common way to
express the parameter estimation as an optimization problem is minimizing the mean square error (MSE) Equation
4, which related the current measured (i.x,) and the current calculated evaluating the Equation 2, where the samples
corresponding to the number of points that are considered in the I-V curve.

samples “k=1

2
Equation 4. MSE = —L__ysamples (iexp (k) —i ((Iph; Io,nip, Rsh, Rs)‘ k))

In order to illustrate common problems related to the fitting process of I-V to one-diode model, Figure 2-22 shows
a sensitivity analysis of the estimated parameters for solar cells of different efficiencies (ranging between 4.6 and
12 %) and an active area of approximately 1 cm? (Velilla et al., 2018). From this analysis, it is easy to see why
numerical methods that search for local solutions could be trapped in a specific region and why methods, such as
GA, which explore global solutions could perform better. Additionally, these kinds of plots show that the
estimation of the one-diode model parameters from the [-V curve is susceptible to minor differences in the involved
parameters. Hence, different parameter combinations lead to MSE reduction even by solutions lacking physical
meaning as negative resistances, being these feasible and local solutions, but not global and realistic solutions.
However, MSE lower than 1 x 10~° could be considered as an excellent metric to evaluate the fitting performance
and determine meaningful and reliable parameters. Thus, solutions with lower MSE could be considered as a
global minimum. In this sense, Table 2-1 shows the estimated parameters related to the minimal MSE of the
evaluated cells. Corresponding the lower ideality factor to the device with higher efficiency. Devices with n;p in
the expected range discussed in the literature (between 1 and 2) are characterized by an average series resistance
of approximately 10 Q, average shunt resistances higher than 800 Q, Fill Factor higher than 0.5, and V. close to
1 V. Other cases related to n;p higher than 2.9 correlated with lower efficiencies and FFs. This result is congruent
with a defective cell or high losses effect because variables such as Ry, [,, and np are reflected in the recombination
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Figure 2-22. Sensitivity analysis of extracted parameters of one diode model.
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Corresponding to a-c) to the cell 1 with an efficiency of 4.6%. d-f) to the cell 5 with an efficiency of 9.3%. g-i) to the cell 8
with an efficiency of 10.4 %. j-1) to the cell 11 with an efficiency of 12%. The color bar shows the estimated error in the
logarithmic scale using Equation 4.

Table 2-1. Electrical performance and estimated parameters of the one diode model for solar cells. The
solutions corresponded to the procedure mixing GA with the Simplex method to minimize the MSE

between the data and model (Velilla et al., 2018).

Cell (%) FF (I;) (mA‘/,cmz) ol m fiﬁmz) LAY nm (Qﬁsm . (Qf'cs:nz)
1 4.67 | 0.67 | 0.88 7.89 4.80 7.90 0.023 2.70 6.44 3392.12
2 4.68 | 032 ] 0.78 18.38 7.21 18.51 12,943.355 | 5.01 0.46 59.02
3 4.62 | 034 | 0.79 17.04 7.83 17.16 3088.873 4.10 0.20 67.63
4 5.02 10331 0.85 17.86 1.10 17.93 1401.235 4.06 0.20 64.98
5 935 | 0591097 16.31 4.20 16.58 39.718 2.95 5.51 352.36
6 941 | 0.64 | 0.99 14.81 3.97 15.06 0.002 1.70 11.32 828.66
7 9.81 | 0.63 ] 0.99 15.51 1.18 15.66 0.238 2.15 9.98 1195.98
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Voe J MSE L

(V) (mA/em?) 1071 (mA/cm?)
8 10.45 | 0.65 | 1.02 15.72 9.91 15.85 0.240 2.22 9.66 1491.74
9 10.68 | 0.59 | 0.95 18.87 1.78 19.1 0.331 2.07 9.65 586.06
10 10.95 | 0.67 | 1.01 16.22 2.06 16.26 3.976 x 1073 | 1.78 9.98 3951.71
11 12.18 | 0.67 | 1.01 17.98 5.19 18.05 5.993 x 107 | 1.48 9.75 3184.29

R Rxh

Cell n(%) FF LA mp g (Qem?)

2.2.2.2 Estimated nip from the Relationship Between V,. and Light Intensity

Because the n;p can be accurately estimated from the I-V curve using proper optimization methods, this procedure
could be considered as successful if the I-V curves are well defined. In cases in which the I-V curves show an S-
shape, this procedure could not be suitable, and other elements in the equivalent circuit such as another diode have
been included to reproduce the I-V behavior, increasing the complexity and accurate interpretation of ideality
factor (Bashahu and Nkundabakura, 2007; Cotfas et al., 2013). The S-shape behavior is associated with the
chemical degradation of electrical contacts or charge accumulation on electrodes affecting the series resistance of
the device (Guerrero et al., 2016b). In this sense, to avoid the series resistances issues, another method is used to
estimate the n;p the relationship between V. and light intensities, Equation 5. This equation shows the relationship
between the V.., bandgap (E,), thermal voltage, ideality factor, and logarithmic dependence on light.

. G
Equation 5. e - Voo =m - Eg +nyp - kg -T-m-lnG—O
Where e is the electron charge, m is the number of equal cells connected in series, Ej is the light absorber bandgap,
kg is the Boltzmann constant, 7 is the temperature, G is the irradiance or light intensity, and Gy is a constant with
the same units than G.

A complete interpretation of n;p for PSC was reported in (Tress et al., 2018), corresponding Figure 2-23 to the
figure of merit of their work intended to illustrate its interpretation. In this scheme, they suggested three examples
according to the slope between V,. and light intensities. Example A is related to the band to band recombination,
characterized by higher V,. and moderate slope of 60 mV/dec. Example B is related to SRH recombination in bulk,
characterized by intermedium V.. values and a higher slope of 100 mV/dec. Example C is related to surface
recombination on contacts, characterized by lower V,. and a decreasing slope at high light intensities.
Consequently, a general overview between the involved variables is established, allowing identification of the
dominant recombination mechanism in the device.

3 Examples Open-Circuit Voltage - Ideality Factor — Light Intensity
A 136V A
60 mV/dec __— Band to band 1sun
et recombination || SRH )
) B C B F low intensity
] 100 mV/dec C g Vi
: g | e N R B oo
3 decreasing slope S nation non-sel. N | - | m ‘u’ramctioon RN S
5 3 contacts SRH recombination B sorjhigh
: & p » ;
g “é’ - in qua5| r\eutral region of photogenerated n, p
o Room temperature g pn junction
o - close to the contacts in '
MIM, with high majority Multiple trapping, trap
concentration T distributions
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Figure 2-23. Interpretation of Ideality factor.
Here three different recombination mechanisms are illustrated and correlated with the Voc sensitivity to light intensities,
taken from (Tress et al., 2018).
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To characterize perovskite devices according to Equation 5, a procedure using a solar simulator and optical filters
was implemented to estimate the n;p values. Figure 2-24 shows some results published in previous works (Yoo et
al., 2021, 2020), allowing identification of the surface recombination of this kind of perovskite devices, according
to the behavior depicted at higher irradiances (V.. decreases as the irradiance increases, indicating a decreasing
slope, Case C in Figure 2-23). Hence, the V,. was calculated as the average value recorded for one minute at every
light condition (Figure 2-24b). Then, the n;p values were estimated according to Equation 5 (Figure 2-24c).
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Figure 2-24. Procedure to estimate the ideality factor value.
a) Experimental setup to measure the Voc dependence on light using an Oriel sol34 sun simulator (Newport Corporation,
Irvine, CA, USA), optical filters to change the light intensity, and a 4200SCS Keithley system (Tektronix, Beaverton, OR,
USA) to record the Voc. b) Voc recorded for one minute at each light intensity. ¢) estimated nip according to Equation 5.

Figure 2-25 shows 5 representative cases obtained for the evaluation of various minimodules following the
procedure shown in Figure 2-24. The estimated n;p values ranged between 1.1 and 2.1, suggesting in a general
way the SRH recombination in bulk according to the interpretation shown in (Tress et al., 2018). Besides, based
on the behavior displayed by V. as a function of light intensity (plot-shapes), it is not observed surface
recombination in the modules. Hence, this procedure allows us to estimate reliable #;p values representing the V.

dependence on the light in a broad range of the light intensities (100 — 1000 W/m?), pointing to the recombination
process in the device.
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Figure 2-25. Ideality factor estimation for minimodules under indoor conditions.
Representative cases of evaluated minimodules are displayed. Each color corresponds to a particular minimodule. Color
points correspond to experimental data, and solid color lines correspond to the fit between irradiance and Voc. nip values

were estimated in accordance with Equation 5.
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2.2.2.3 Estimated nip from Impedance Frequency Response

In indoor tests, excellent agreement between the n;p values estimated from Vo.-light intensity data in accordance
with Equation 5 and the results of IFR analysis in accordance with Equation 6 has been observed (Almora et al.,
2018; Yoo et al., 2020). In this sense, an Autolab procedure was implemented to systematize the experimental
process and estimate the n;p values using both methodologies, Figure 2-26. Hence, the first step is defined by the
number of light conditions (LC) related to 1 sun. For instance, 0 is related to the dark condition, and 1 is associated
with 1 sun; other values are related to the fraction of 1 sun. The loop allows the evaluation of each LC, which is
defined by the optic filter. Once the time the filter is located and the LC is reached (gray box), the open-circuit
voltage is recorded for 1 minute (light blue box). From the V,. behavior over time, the average value is estimated
(green box). This average value is used to estimate the n;p value from the relationship between V,. and light
intensity in accordance with Equation 5. Besides, the last value is set up as bias (blue box) to perform the IFR in
two directions to check the reproducibility of the measurements, from high to low frequencies (down) and from
low to high frequencies (up). After the evaluation of the LCs, the sample is kept for 1 minute at the open circuit to
stabilize the V,.. Finally, the I-V curve at 1 sun is recorded (orange box) between -0.5 V and 1.2V,. Usually, all
tests are performed using an AC amplitude signal of 10 mV and room temperature (approximately 25°C). After
the test, the IFRs are fitted to the equivalent circuit shown in Figure 2-21 to calculate the recombination resistance
(Rrec) considering negligible transport and charge transfer resistances in both bulk and contact layers and interfaces
(Contreras-Bernal et al., 2019; Fabregat-Santiago et al., 2011; Yoo et al., 2020). Then, #;p can be calculated from
the slope of the logarithmic plot of Ry vs. Vo in accordance with Equation 6 (Contreras-Bernal et al., 2019;
Fabregat-Santiago et al., 2011; Yoo et al., 2020).

(i ea)
Equation 6. Ryoc = Ryge\pkBT

Where Ry is an independent parameter with resistance units.
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Figure 2-26. Flowchart to measure the IFR and V,. dependence on light.
The light conditions (LC) are related to 1 Sun, corresponding 0 to dark and 1 to 1 Sun. These conditions are changed by
optical filters. In this way, the impedance frequency response is performed at each light intensity considering the average
Voe recorded during 1 minute as bias and scanned in two ways, from high to low frequencies (down) and from low to high
[frequencies (up). Finally, at 1 sun, the I-V curve is recorded.
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To illustrate the procedure shown in Figure 2-26, Figure 2-27 shows the results of evaluating this procedure for
the cells analyzed in Figure 2-24. From these results, important facts could be highlighted. First, the IFR changing
the light intensity (Figure 2-27a) allowed reducing electrical noise comparing with the IFR changing the bias and
fixing the light intensity at 0.1 sun (Figure 2-27b). Consequently, better-defined impedance patterns are obtained.
Second, in both cases for the evaluated cases, the equivalent circuit used to fit the impedances adequately
reproduces the impedance behaviors, indicating the accuracy of the optimization process employed to fit the
impedance and extract the electrical parameters. Third, from the calculated R values as a function of bias or V.
(for IFR changing the light intensity), the n;p values calculated using Equation 5 (light) show excellent agreement
with the njp values calculated using Equation 6 (bias), Figure 2-27c. The implemented procedure validated the
calculation of n;p and the recombination process of devices (surface recombination).
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Figure 2-27. Ideality factor estimated from IFR.

a) Nyquist diagrams of impedance as a function of the light intensities (dots) and their corresponding fit (solid lines). b)
Nyquist diagrams of impedance as a function of the bias (dots) keeping constant the light intensity (0.1 suns) and their
corresponding fit (solid lines). ¢) Estimated nip values considering both conditions: changing the light conditions and

changing the bias keeping constant the light condition at 0.1 suns.
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2.3 Conclusions

Here, minimodules of approximately 8 cm”and 4 sub-cells connected in series were fabricated. These
were optimized, considering the active area allowing efficiencies higher than 10 % on monolithic
solar cells and performing the scribe lines called P1, P2, and P3. Moreover, these were encapsulated
with EVA. Finally, fabricated devices were characterized by the I-V curve, impedance frequency
response, and ideality factor.

From the I-V curves, the reached higher efficiencies (close to 12 %) were in the current range reported
in the literature for minimodules with a similar area, that is, between 10 and 17 % (Liu et al., 2020).
The extracted parameters from the minimodule’s I-V curves demonstrated consistent V. values (close
to 4 V corresponding to the voltage of 4 cells connected in series) comparing with those obtained for
monolithic solar cells. Besides, the higher FF allowed validation of the interconnection process
performed to reduces electrical losses. This is the main advantage of the series connection of cells
instead of large-area solar cells.

From impedance frequency response, the impedance spectra of the incomplete cells (without ETL),
cells, and minimodules were analyzed. Observing the advantages of the electron transport layer to
increase the dielectric effect and extract the electrons. Also, main features related to the frequency
behavior, such as the phase peak, cut-off frequencies, among others features, were observed. Hence,
to improve the characterization of the IFR spectra, an optimization process was developed to fit the
impedances to the equivalent circuit shown in Figure 2-21, which combined the genetic algorithm
and the Simplex method to reduce the error between the experimental and calculated data. The fitted
circuit model successfully reproduced the impedance patterns under different light conditions (dark
and 1 sun).

Relating to the ideality factor, an experimental procedure was implemented to estimate the n;p based
on the relationship between V,. and light intensities and based on the relationship between the bias
and R... obtained from the IFR analysis. Demonstrating an excellent agreement with the n;p values
calculated for both methodologies, as was shown in Figure 2-27. Based on the previous literature
reports, it was possible to identify the SRH recombination mechanism dominating this kind of device
based on the n;p values ranging between 1 and 2. Therefore, a numerical and experimental tool to
characterize the devices were developed. Moreover, the I-V curves of nonencapsulated perovskite
solar cells of approximately 2 cm” of an active area were fitted to the one-diode model to reproduce
the electrical behavior, Figure 2-22. Hence, an optimization process combining genetic algorithm
and Simplex method was implemented to illustrate some drawbacks reported in the literature related
to the parameter extraction, such as local solutions. Therefore, the results also indicated that efficient
devices are correlated with 7;p ranging between 1 and 2. Nevertheless, it is worth noting that in this
process to estimate the ideality factor, the effect of series resistance is involved, while in the procedure
to estimate this parameter from the V,. and light intensity, this effect is neglected. Hence, this last
procedure could be considered more suitable to characterize these devices to study the recombination
process and correlate this behavior with the performance.

Therefore, the devices were characterized not only by the I-V curve data but also by the ideality factor
and impedance spectrums. In this regard, a Autolab procedure was implemented to estimate the n;p
under indoor conditions, in accordance with the flowchart shown in Figure 2-26. This
characterization could be used to track the performance evolution or degradation process for the
devices under indoor or outdoor conditions.



3. Outdoor Performance (OP)

This chapter proposed a methodology to evaluate the perovskite solar devices’ outdoor performance.
This methodology was previously described in (Velilla et al., 2019b), considering the five power
rating conditions according the International Standard IEC 61853-1, including the Standard Test
Condition (STC) and Nominal Operative Cell Temperature condition (NOCT). Hence, a monitoring
system was implemented to register and process the weather (temperature and irradiance) and
electrical data (extracted from the I-V curve) in accordance with the proposed methodology.
Moreover, based on the well-agreement between power rating conditions measured under outdoor
conditions for different commercial technologies such as silicon, HIT, and CIGS, and the
manufacturers’ reported values in its datasheets, the monitoring system, and methodology were
validated (Velilla et al., 2019a). Finally, from the outdoor performance of perovskite minimodules, a
positive dependence of V,. and Py..on temperature and irradiance was observed. The results indicate
that PSCs show lower correlations of their performance and open-circuit voltage with the temperature
than other commercial technologies, such as silicon, for which the deleterious effects of temperature
on performance are well known. This difference in temperature sensitivity is a significant and
competitive aspect of PSC technology that could provide new characterization opportunities.

3.1 Outdoor Performance Evaluation

The I-V curves conventionally defined the performance of solar devices according to temperature and
illumination conditions. In this way, the Standard Test Conditions (STC) defined as 1000 W/m? of
irradiance and 25 °C of cell temperature is the most common conditions to measure the I-V curve in
order to extract the main parameters to describe the electrical performance of the solar device as
efficiency, Puax, Voc and I (IEC 61215, 2003). STC is commonly measured under indoor conditions,
addressed in the datasheet, and used to evaluate different solar technologies’ progress over time
(Green et al., 2020). As the STC conditions rarely occur outdoor (Dash et al., 2017), to evaluate the
performance in real operating conditions, a systematic analysis of high quantity data is required to
take into account the illumination and temperature variations induced by day-night, seasonal, and
weather conditions (Wang et al., 2018). Nevertheless, considering that NOCT is defined as the
equilibrium mean solar cell junction temperature of the module in the describe environment (IEC
61215, 2003) and these conditions are possible to achieve under outdoor test conditions (Velilla et
al., 2019a), the outdoor performance of solar devices could be evaluated in a proper way at NOCT.
In this way, considering various conditions such as STC and NOCT allows improving the
characterization of weather variables’ impact on the device’s performance under outdoor conditions.

Related to performance, International Electrotechnical Commission (IEC) published a series of
standards in IEC 61853 intended to establish the requirements for evaluating the performance of all
photovoltaic technologies in term of power (IEC 61853-1, 2011) or term of energy and performance
ratio (IEC 61853-3). In the case of energy, it is worth noting that the study involves another inverter’s
performance. For that, the performance depends not only on the solar device to be evaluated but also
depends on the electronic device’s efficiency and the maximum power tracking algorithm (Eltamaly
et al., 2018). In the case of power, the study is mainly based on the I-V curve’s extracted parameters
representing the device’s performance. Allowing the device’s characterization at the maximum power
point (MPP) or other operative points as the short circuit current, open-circuit voltage, Etc. Therefore,
the standard called ‘“Photovoltaic (PV) module performance testing and energy rating — Part 1:
Irradiance and temperature performance measurements and power rating” allows status validation



devices of any solar technology, defining a pass/fail criteria, in which the success is reached if the
power rating conditions measured fall within the power range specified by the manufacturer (IEC
61853-1, 2011). Corresponding the 5 power rating conditions to:

e Standard Test Condition (STC), defined at 1000 W/m? and cell temperature of 25 °C

e Nominal Operating Cell Temperature (NOCT), defined at 800 W/m® and ambient
temperature of 20 °C

e Low Irradiance Condition (LIC), defined at 200 W/m? and cell temperature of 25 °C

e High Temperature Condition (HTC), defined at 1000 W/m? and cell temperature of 75 °C

e Low Temperature Condition (LTC), defined at 500 W/m? and cell temperature of 15 °C)

Consequently, the evaluation provides a complete device’s characterization under various values of
irradiance and temperature, allowing determination of the impact of weather variables on P, Voc,
L. Besides, this characterization could be carried out using a solar simulator and specialized
equipment to set up the temperature and illumination conditions or natural sunlight with and without
a tracker.

Conventionally, solar device’s performance evolution is monitored through the systematic
measurement of [-V curves considering the temperature and illumination conditions. It is relatively
easy to set up tests in the laboratory to track the performance at the maximum power point; however,
such control is intrinsically unreasonable outdoors. The illumination and temperature variations
induced by day-night, seasonal, and weather conditions necessitate a systematic analysis of a high
quantity of data, depending on the measurement sampling rate and exposure time (Wang et al., 2018).
Hence, in such power loss studies, it is common to correct for temperature and irradiance in the I-V
curves in accordance with the standard test conditions (STC, corresponding to an irradiance of 1000
W/m? and a module temperature of 25 °C). However, such conditions are difficult to reach outdoors
(Velilla et al., 2019a). Nevertheless, in a general way, the outdoor performance mainly is referenced
to the observation of one variable over time, as the efficiency (Gaglia et al., 2017; Hamou et al., 2014;
Makrides et al., 2008), maximum power (Velilla et al., 2014), series resistance (Deceglie et al., 2015),
among others. In these cases, the evaluation could be affected by different factors such as weather
conditions, seasonal variations, installation conditions, shading and soiling effects, Etc (Makrides et
al., 2014; Visa et al., 2016). Nevertheless, the evolution of these variables over time has been
commonly fitted using statistical methods such as linear regression to estimate the performance loss
over time (Phinikarides et al., 2014).

In the case of emerging technologies such as PSCs, no international standards have been fully
established, and most published works have focused on laboratory-scale cells (i.e., I cm? or smaller
in size); consequently, various methods and materials have been used to evaluate the stability and
degradation performance of these technologies (Anoop et al., 2020; Cheacharoen et al., 2018;
Domanski et al., 2018; Holzhey and Saliba, 2018; Tress et al., 2019; Yang et al., 2015). In this regard,
a broadly-supported consensus statement on reporting data related to stability assessment was
recently published, highlighting certain particularities of PSC technology that must be taken into
account (Khenkin et al., 2020). For instance, in contrast to mature photovoltaic technologies such as
Si and GaAs, PSCs show performance loss reversibility under day-night cycles (Domanski et al.,
2017; Khenkin et al., 2018); a hysteresis effect in the current-voltage (I-V) curves, which could induce
errors in performance determination (Christians et al., 2015); and a lower dependence of performance
and V. on temperature (Schwenzer et al., 2018). Nevertheless, while these peculiarities of PSCs could
be seen as drawbacks for their systematic analysis, they also provide new characterization
opportunities (Hoye et al., 2017). This technology is in its infancy, and there are few statistical data



available for large devices operated outdoors (Hu et al., 2019). Therefore, insufficient data are
available to fully establish or identify the degradation modes and mechanisms of PSCs and their
impact on outdoor performance evolution.

Related to perovskite, the International Summit on Organic Photovoltaic Stability (ISOS) suggests 3
protocols for outdoor. ISOS-O-1 suggests periodically record the J-V curve at STC using a solar
simulator (indoor). ISOS-O-2 suggests periodically record the J-V curve under outdoor conditions,
keeping the device at the Maximum Power Point (MPP) or open-circuit voltage. In contrast, the ISOS-
O-3 suggests periodically recording the J-V curve using a solar simulator, keeping the device at MPP.
Despite that these cases are related to outdoor, the electrical characterization is usually performed
under indoor conditions to evaluate the performance degradation over time or device stability under
the conditions suggested by the protocols. Hence, the protocols suggest reporting the normalized data
(per unit) considering the first value to normalize the data and obtain the degradation behavior to
estimate degradation rate or lifetime according to the accepted definition.

Considering that ISOS-O protocols and IEC 61853-1 standard are based on the data extracted from
the I-V curve, the outdoor performance of perovskite technology could be estimated with no trouble
based on the IEC, including different power rating conditions to evaluate the impact of weather
variables on performance. This procedure could be applied to evaluate any technology.

3.2 Monitoring System to Evaluate the Outdoor Performance

The outdoor monitoring station was implemented in the facilities of the Solar Cell Outdoor
Performance Laboratory of the University of Antioquia (OPSUA) in Medellin-Colombia (6° 15" 38"
N 75° 34" 05"W, facing south at a fixed angle of 10°) intended to evaluate the outdoor performance
of solar devices under natural sunlight without a tracker. The performance of photovoltaic
technologies could be evaluated in terms of power (Figure 3-1) measuring the -V curve of devices
under different illumination and temperature conditions. In this sense, the monitoring system was
implemented to record and store the weather variables (irradiance and temperatures, Figure 3-2a) and
electrical data (I-V curve, Figure 3-2b). These data are processed to estimate the impact of weather
variables on performance (Outdoor performance). Finally, based on the outdoor performance (OP),
the status and performance of photovoltaic devices could be estimated considering the power rating
conditions suggested by IEC 61853-1.



Monitoring System

Ethernet

%@Jj

Remote storage

Embedded Computer
Raspberry Pi

T cenansyer

[
(F===1 T3

Local storage

o

o

=

use Embedded Computer

Ct> cenanwa-—{ Raspberry Pi

o

2=y

P=S

=]
o
o

Remote server

Ethernet
Wifi

harp Maximum value = 334.67 rvalues 0.903

360 —— pmax = 0.245R+11.86 700
340
600

H
8

3
8
3

H

Data Frequency dstribution

Maximum power (W)
H g
g 8
i}
]
Ha
hh ‘;
A
4
14
e
1
(4
N
‘.
”
¢
e
Iradiance (W/m?)

s
]
8

1000 W/m? 500 Wi 200 50

o =) o o o o o
$588558333283882888§ B HBHRBEHHOEToTSH WO 5536382888883
Exposure time (h) Panel temperature (°C) Mradiance (W/m?)

Power Rating Conditions Outdoor Performance Filtering process

Figure 3-1. Schematic to evaluate the outdoor performance.

Figure 3-2. The Outdoor Monitoring Station to evaluate the outdoor performance.

a) zoom to weather sensors. b) Photo of the developed solar cell tracer installed to record the I-V curves
under outdoor conditions.

3.2.1 Weather Variables

To record the weather variables, the irradiance was measured using two Spektron 210 sensors by
TRITEC International located at the end of the solar station, to validate the values recorded. Ambient
and panel/cell temperatures were measured using PT-1000 sensors by TRITEC International.
Ambient temperature sensors were located close to irradiance sensors (Figure 3-2a), and the surface
temperature sensors were located on the back of the devices under test. The weather data were
collected using a Sensor Box Datalogger by FRONIUS International. These data are available online.
Besides, two Raspberries were programmed to read the weather data from the datalogger via Ethernet
communication every minute for local storage, keeping the same text file (CSV) and including the
timestamp. Finally, the records (irradiance levels and temperatures) are synchronized every hour with
a remote server using Rsync service on SSH (Figure 3-1).



To measure the [-V curve of solar devices, different hardware techniques have been used (Duran et
al., 2008). For instance, a resistor is connected to the device under test (DUT), changing the resistance
between a value close to zero (short circuit) and a higher value considered as the open circuit
(Nikoletatos and Halambalakis, 2018). It is remarked that additional hardware is required to change
the resistance value, such as potentiometer-motor systems, relay commuted series and parallel
resistors arrays, digital potentiometers, among others (Van Dyk et al., 2005). Moreover, MOSFET
transistors have been used as variable loads for [-V curve measurement, allowing easier control of
the DUT operation point without the intervention of mechanical or electromechanical devices
(Hassaine et al., 2014; Papageorgas et al., 2015; Willoughby et al., 2014; Willoughby and Osinowo,
2018). In both cases, heat dissipation is a concern, limiting the applicability to high-power solar
panels. Furthermore, DC/DC converters are used on [-V curve characterization (Enrique et al., 2005;
Faifer et al., 2015). In this case, a Pulse Width Modulation (PWM) signal controls the operation points
of DUT, allowing controlling the sweep over the I-V curve. However, this technique’s complexity
and the number of components increase compared to the resistive or transistor load technics.

On the other hand, capacitive loads have also been reported to measure the I-V curve (Agroui, 2012;
Cano et al., 2015). These devices work by connecting a discharged capacitor to the DUT, registering
the voltage and current waveforms during the transient response. This technique has several
advantages; it is suitable for high-power applications; the capacitor dynamics achieve the sweep over
the curve without using any external mechanism; the capacitor has no heat dissipation issues.
However, it is impossible to modify the scan direction (from short circuit to open circuit) and the
sweep speed because it depends on the capacitance, DUT characteristics, and light conditions.

Also, it is possible to use a controlled voltage source to trace the I-V curve (Duran et al., 2008),
allowing a complete characterization including the reverse bias region and voltages higher than the
open-circuit voltage. Therefore, it is possible to directly control the voltage change rate (V/s rate) and
control the sweep direction (forward and reverse), making it practical for hysteresis measurements
(Li et al., 2017). However, this technique involves an additional power supply increasing costs and
system complexity.

Taking into account the advantages and disadvantages of the aforementioned techniques, two
different types of I-V curve tracers (solar analyzer, SA) were implemented. The I-V curve tracers are
an improved version of previous work (Cano et al., 2015), intended to improve portability, local data
storage, low cost, and faster response (Velilla et al., 2019a). One SA is based on the capacitive load
technique due to simplicity, power dissipation, and cost concerns. This prototype is intended for
devices that operate for voltages up to 250 V and currents up to 12.5 A (solar panels, Figure 3-3a-b).
Another SA is based on the four-quadrant DC supply due to greater flexibility on sweep direction and
speed. This prototype is intended for devices that operate for voltages up to 8 V and currents up to 3
A (solar cells and solar minimodules, Figure 3-3c-d).
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Figure 3-3. Developed I-V curve tracers.
a-c) Box diagram of I-V curve tracers. b-d) printed circuit boards. Corresponding to potentiostat for solar
panel a-b) and c-d) for solar cells or minimodules.

In the case of the solar analyzer for panels, the potentiostat involved different elements, Figure 3-3a.
A capacitive load, solid-state relays for charging and discharging control, voltage sensor (AMC1200-
Isolation amplifier, Texas Instruments), current sensor (ACS-711 series - Hall effect, Allegro), an
analog to digital converter (ADC), and the microcontroller. The control and communication systems
were implemented on a 32 bits microcontroller (PIC32MX230F064D, Microchip). For safety reasons,
isolation between power (load, sensors, relays) and control circuit sections (microcontroller,
communications) was implemented because the panel’s voltage and current levels. Voltage and
current signals are digitalized by a sigma-delta analog to digital converter (AD7172-2, Analog
devices). Serial port interface communication was implemented between the converter and
microcontroller. This setup allows sampling times of 0.32 ms for each I-V curve point (the total time
to take a voltage sample sequentially and a current sample). Sampling time is critical to determine the
minimum capacitance value required to measure the charging transient. A serial port emulation
protocol was implemented over USB, providing a command set to control analyzer functions and
retrieve data. Finally, the expansion sensors block allows direct connection to microcontroller’s



analog-digital converter, intended for external sensor interfaces such as irradiance and temperature
variables.

In the case of the solar analyzer for cells, the potentiostat circuit was implemented using linear circuits
(operational amplifiers) due to the low voltage, current, and power of the solar cells (Figure 3-3c).
The operational amplifiers series OPAS548T by Texas Instruments was selected due to their output
current characteristics. A trans-resistance amplifier configuration is used as a current sensor
considering the identical operational amplifiers. A differential amplifier (LT1167, Linear
Technologies) was used as a voltage sensor. A digital to analog converter (TLV5638, Texas
Instruments) was used for the generation of the voltage references for the solar cells. Signal
digitalization, processing, sensor expansion, and communications were carried out using the same
components described for the panel analyzer.

In both cases, the potentiostats are programmed to connect the devices under test and record the V.
Then, the current and voltage values are registered (cell or panel). After the measure, the device is
disconnected and keep in the open-circuit condition. Then, the data are sent via a USB port. Finally,
to optimize the I-V curve process, an embedded computer (The Raspberry Pi 3) is connected to
control each potentiostat and execute the following tasks:

a) System date and time are keeping updated using the Network Time Protocol Daemon
(NTPD). It guarantees low error on measurement time stamps.

b) An SSH (Secure Shell) interface allows remote access to modify the system configuration
settings (as measurement frequency, sensor calibration, Etc.) or scripts edition.

c) Cron service (Linux task programmer) is configured to execute every minute the python
script to communicate the Raspberry with the potentiostat and start the measurement process.
The registers (I-V data) are saved in a CSV file, including the timestamp.

d) Finally, CSV files are synchronized every hour with the remote server, using the Rsync
service over SSH.

It is remarking that current and voltage sensors are calibrated to guarantee measurement accuracy
before any on-field testing.

As mentioned before, electrical (I-V) and weather (irradiance and temperatures) records are uploaded
to the remote server to provide backup, centralize the monitoring process, and process the data
(Figure 3-1). In this sense, the implemented procedure to estimate the outdoor performance could be
divided into two main parts: one part is related to the databases of exposed devices (which is framed
into the flowchart shown in Figure 3-4), another part is related to the analysis.
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Figure 3-4. Flowchart to evaluate the outdoor performance.

Procedure to analyze and process the electrical data (I-V curve) and weather data (irradiance and
temperature). In this way, atypical data o irradiance changes due to clouds or shades are minimized
(linearity determination criteria). Then, the impact of weather variables on performance (OP), power rating

conditions (PRCs), and ideality factor (nip) could be estimated.

The next steps are followed to construct the databases of devices:

a)

b)

The first step scans the text files related to weather variables (irradiance and temperatures)
located in a specific folder (light blue box in the flowchart) to extract the values of the
variables and organize the data by date (year-month-day-hour-minute-seconds). Here, two
sensors of irradiance, ambient temperature, and surface temperature, are used to record the
weather data during the exposure time.

The second step scans the text files related to I-V curve data located in a specific folder
according to the solar tracer identification (light blue box in the flowchart). Hence, the
electrical data (I-V curve) recorded during the exposure time by the solar tracer is processed
to estimate the main parameters from the I-V curve data (Yellow box in the flowchart). In
this process, different fitting processes are performed to improve the estimation of the main
parameters (Puay, FF, Voc, and I;.). Moreover, the data is organized by date (year-month-day-
hour-minute-seconds).

The third step correlates the weather data records (irradiance and temperature) with the I-V
curve data records (Dark green box in the flowchart). Thus, for every set of main parameters
extracted from the [-V curve records, their corresponding weather variables are assigned.
With these organized data, a new text file is created, including the weather and electrical data
(raw data). This CSV file could be read by other applications to perform different analyses.



The second part is related to the analysis. These analyses are included in the light green boxes in the
flowchart, in which the arrows point out the sequences followed. In this sense, it is needed to highlight
that before any analyses, the raw data were filtered based on the linearity determination criterion to
minimize transient effects related to changes in irradiance, shadowing caused by clouds, or droplets.
The linearity determination criterion is applied based on the linear behavior observed between Py
and the irradiance and validated by the coefficient of determination (r-value) (Velilla et al., 2019b,
2019a). Figure 3-5 shows this procedure in three steps, one related to the raw data registered during
the exposure time considered (Figure 3-5a), another related to the fit process performed to establish
the linear behavior between P, and irradiance. This consideration is reached if the estimated
coefficient of determination (r-value) is close to 1 (Figure 3-5b). Finally, the best-fit data with a
deviation of +5 % is selected as the filtered data (Figure 3-5c), representing the exposure time’s
average conditions during.
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Figure 3-5. Linearity determination criteria.

a) Data distribution for 100 h of exposure. b) Procedure performed to filter the data from atypical data,
related to unclear days, dirty or drop on the surface. At the top is shown the coefficient of determination (r-
value) estimated from the fitting process between Pmax and irradiance. Values close to 1 indicating a linear
behavior between variables. The gray points correspond to data measured in the exposure time considered,

and the color dots correspond to data considered as filtered and representative of the dataset. ¢) Filtered data
marked as black points. In this case, the filtered data correspond to the average conditions during the
exposure.

Subsequently, the filtered data are used to perform the analyses:

a) Outdoor performance (OP): the impact of weather variables on performance is estimated,
considering the filtered data. The results are usually depicted in a map to illustrate the
performance as a function of irradiance and temperature, representing the average outdoor
performance during the evaluated time and indicating the variables’ operative range (Figure
3-6a). A full description of these maps was shown in previous work (Velilla et al., 2019b,
2019a).

b) Power rating conditions (PRCs): the data shown in the form of maps (the average OP) are
filtered considering a deviation of 5% from the irradiance levels corresponding to the power
rating conditions indicated by IEC 61853-1 as previously mentioned, that is, 1000 W/m?,
corresponding to standard test conditions (STC); 800 W/m?, corresponding to NOCT
conditions; 500 W/m?, corresponding to low-temperature conditions (LTC); and 200 W/m?,
corresponding to low-irradiance conditions (LIC). Hence, each power rating condition’s data
deviation is considered by the median value of data considered in each sampling time, Figure
3-6b.
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c) Ideality factor (n:p): nip is calculated in accordance with Equation 5 considering the filtered
data and processing the data at different ambient temperatures between 25 and 35 °C (Figure
3-6¢). Consequently, because different ideality factors can be calculated, the median value is
considered the average value to consider the data dispersion representing the evaluated time
window.
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Figure 3-6. Outdoor analysis.

a) Outdoor performance displayed in the form of a map to show the impact of weather variables on
performance. This impact could be observed in other variables such as Isc, and Voc. b) Calculated PRCs over
time by filtering the data by the irradiance levels defined by the power rating conditions. c¢) Ideality factor
estimated considering the ambient temperature and the data shown in figure a).

Finally, it is worth noting that these analyses are considered by the loop included in Figure 3-4. For
that, it is possible to divide the data by sets (batches) to estimate the average impact of weather
variables on performance (OP), the power rating conditions or power loss tendency (degradation-
shape), and ideality factor in every dataset (batch). Therefore, it is possible to analyze the
performance’s changes over time.

3.3 Evaluation of Qutdoor Performance of Commercial Technologies

To validate the monitoring system and the proposed methodology to estimate the OP, commercial
photovoltaic modules such as monocrystalline silicon (Sharp NU-RC290 and Yingli YL275D-30b),
HIT (VBHN330SJ47), and CIGS (Miasolé Flex-02 120N) were monitoring under outdoor conditions,
Table 3-1. The selection of these devices was mainly based on the datasheet specifications, including
the STC and NOCT conditions. Therefore, the status of devices according to the datasheet could be
evaluated following the procedure shown in Figure 3-4.

Accordingly, Figure 3-7a,d,g, and j show the relationship between irradiance and P.x. These data
are processed by the linearity determination criterion to minimize transient effects related to changes
in irradiance, shadowing caused by clouds or droplets, or atypical data (Velilla et al., 2019b). Then,
these filtered data are shown in the form of a map to visualize the impact of weather variables on
performance, Figure 3-7b,e,h, and k. Finally, the outdoor performance over time was obtained by
calculating the OP observed in the measurement sets, each of which contained measurements
recorded over 200 hours of outdoor exposure (see Figure 3-7¢,f,i, and 1). The data in each set were
filtered considering a deviation of 5% from the irradiance levels corresponding to the power rating
conditions (PRCs) indicated by IEC 61853-1(IEC 61853-1, 2011). The variables were recorded every
minute during daylight hours, and the time considered to obtain the average OP was 200 h. This time
is long enough to consider the data recorded in each set to be statistically valid, allowing reliable
average values for tracking the performance evolution.
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Figure 3-7. Impact of weather variables on performance.
Corresponding a-c) to Sharp NU-RC290 (silicon monocrystalline), monitored between 2018-07-05 and 2019-
01-20, d-f) to Yingli YL275D-30b (silicon monocrystalline), monitored between 2018-11-22 and 2019-04-24.
g-i) to HIT VBHN330S8J47 (HIT), monitored between 2019-02-23 and 2019-06-03 and j-I) to Miasole Flex-02
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120N (CIGS), monitored between 2019-05-09 and 2019-06-03. a,d,g, and j) Relationship between Pmax and
irradiance. b,e,h, and k) Power delivery map as a function of irradiance and ambient temperature, the
maximum value of power delivery is displayed at the top of each map. The color bar indicates the variable
range. c,f,i, and l) Power rating conditions estimated by the dataset of 200 h of exposure. The block colors
are related to the PRC as follows: green to 1000 W/m? (STC), blue to 800 W/m? (NOCT), yellow to 500 W/m?
(LTI), and gray to 200 W/m? (LIC).

Despite the maps of power delivery allowed us to graphically visualize the impact of irradiance and
temperature on devices’ performance, two main points must be remarked. First, this performance is
related to the most frequent conditions during the exposure time (average conditions). Second, due to
the setup was carried out on tropical weather conditions, it is to expect that some PRC such as STC,
HTC, and LTC rarely occur. Therefore, some PRC could not be included in the maps because these
conditions could not be statistically representative. Figure 3-8 shows the outdoor performance
considering the device temperature to illustrate that lower temperature (lower than 25 °C) correlated
with lower irradiance (lower than 400 W/m?). Therefore, the LTC and STC defined at 15 and 25 °C,
respectively, are omitted. Nevertheless, due to the exposure time exceeding 800 hours and the
sampling time between measurements was 1 minute, the amount of data recorded is statistically, and
the maps represent the average performance during the considered exposure time. Also, other PRC
can be estimated using an extrapolation process as suggests (IEC 60891, 2009).
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Figure 3-8. Outdoor performance as a function of device temperature.
Corresponding a) to Sharp NU-RC290 (silicon monocrystalline), monitored between 2018-07-05 and 2019-
01-20, b) to Yingli YL275D-30b (silicon monocrystalline), monitored between 2018-11-22 and 2019-04-24. ¢)
to HIT VBHN3308J47 (HIT), monitored between 2019-02-23 and 2019-06-03. The color bar indicates the
variable range.

Because the devices were not cleaned during the exposure, to observe the changes over time on the
PRC suggested by IEC 61853-1, taking into account the soiling and seasonal effects, the databases
were processed by batches, Figure 3-7c¢,f,i, and 1. Every batch included the measurements recorded
for 200 hours. These data are shown in the form of a boxplot to illustrate the measurements’ median
and standard deviation. Besides, due to the manufacturers commonly supplied the STC and NOCT
on the datasheet, but not other conditions, these two PRC’s average values over the exposure time
were compared with manufacturers’ data (Table 3-1). Hence, it is remarking that the NOCT was the
most suitable power rating condition representing the outdoor performance, being the error within the
range = 5% for the evaluated modules. Moreover, normalizing the NOCT mean values concerning
the manufacturer data (Figure 3-9), it was observed that most parts of exposure time the devices were
within the range of £ 5 % (Velilla et al., 2019a). Therefore, the evaluation of the NOCT under outdoor
conditions could be used to check the status of devices concerning manufacturer data and define
cleaning maintenance or to identify the most suitable conditions of the device.
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Table 3-1. STC and NOCT conditions for solar devices supplied by the manufacturer and obtained

for the outdoor test.

STC (1000 W/m?) NOCT (800 W/m?)
Devices Variables
Data Mean std | Error | Data | Mean std Error
% sheet %
sheet (%) ()

Sharp NU- Poax (W) 290 | 25733 | 831 | 1126 | 212 | 212.78 | 6.78 | -0.36
RC290

Ic (A) 98 | 1026 | 039 | 469 | 793 | 816 | 038 | -2.34

Voe (V) 393 | 3567 | 050 | 923 | 362 | 3578 | 044 | 1.16
Yingli YL275D- | Poax (W) 275 | 243.12 | 8.34 | 11.59 | 200.6 | 200.56 | 7.03 | 0.02
30b

Ic (A) 934 | 962 | 037 [-299| 755 778 | 033 | -3.04

Voe (V) 389 | 34.15 | 0.58 [ 12213590 | 34.18 | 051 | 4.79
HIT Poax (W) 330 | 315.82 | 9.44 | 429 [ 2472 | 253.61 | 9.03 | -2.59
VBHN330SJ47

Ic (A) 6.07 | 656 | 026 |-8.07| 491 | 515 [ 025 -4.89

Voe (V) 69.7 | 6435 | 0.80 | -0.51 | 65.1 | 64.76 | 0.63 | 0.52

Poax (W) 120 | 113.10 | 3.70 | 5.75 | NVA | 93.67 | 420 | N/A
Miasolé Flex- 1, " 453 | 457 017 |-088| NnA | 376 | 018 | NA
02 120N

Voe (V) 38.1 | 36.10 | 055 | 524 | NnA | 3613 | 024 | N/A
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Figure 3-9. Normalized NOCT over time for commercial technologies.
The Pmax at NOCT was normalized by dividing the NOCT over time with the NOCT reported by the
manufacturers. Dot lines are included as a visual guide to indicate the tolerance of + 5%.

3.4 Evaluation of Outdoor Performance of Perovskite Devices

Outdoor performance of perovskite solar modules (PSM) and monocrystalline silicon set as reference
were carried out in the city of Medellin — Colombia on the terrace of the University Research Center-
SIU from the Universidad de Antioquia (60 15° 38’ N 750 34 05°°W), using the monitoring system
developed in previous work (Velilla et al., 2019a) and described before, registering weather and
electrical data every minute during the light-hours for 500 h to assure statistical validity of
measurements. Therefore, we fabricated and encapsulated perovskite solar modules (Figure 3-10)
considering active areas of 17, 50, and 70 cm? and 8 cells interconnected in series (Ramirez et al.,
2019; Velilla et al., 2019b). Moreover, sensors and devices were frequently cleaned to eliminate dust
issues.

Accordingly, the linearity determination criterion was applied to validate the linear relationship
between P,.x and the irradiance, represented by the high coefficient of determination (r-value) close
to 1 (Figure 3-11a-c), and to minimize the influence of atypical data or data related to unclear days,
shadowing, dirt, or droplets on the surface. From Figure 3-11a-c, some principal aspects can be
remarked. First, the high r-values indicated that both technologies’ power delivery is a linear function
of the irradiance. Second, the slopes defined as the ratio between the maximum power and irradiance
represent the real outdoor ratio to transform solar power to electrical power during the exposure time
involving ambient temperatures between 18 and 40 °C. Moreover, dividing these slopes by the active
area of devices (the PSMs have 8 cells interconnected in series of 2.1 and 6.25 cm? while the silicon
panel has 60 of 243.4 cm?), it is possible to calculate an “average outdoor efficiency” of 4.76, 2.48
and 15.2 % respectively for the tested devices shown in Figure 3-10. This set of results demonstrate
the methodology’s adaptability to evaluate and compare different solar technologies under real
operating conditions. Finally, considering the best-fit data with a deviation of £5% as the filtered data,
representing the average conditions during the exposure time, the outdoor performance could be
estimated, Figure 3-11d-e, which can be normalized by dividing the filtered data by the maximum
value of this data. Figure 3-12 shows the results for Pyax, I, and Vo.. Hence, the plotted maps for the
photovoltaic parameters as a function of temperature and irradiance allow us to graphically visualize
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the device’s performance in a broad range of measured atmospheric conditions during the exposure.
The map’s width and length of the maps correspond to the ambient temperature (ranging between 18
and 42 °C) and irradiance (ranging between 0 and 1200 W/m?), respectively. These are representative
ranges of the geographical zone.

Figure 3-10. Outdoor test for the perovskite minimodules and silicon module.
a) photo of evaluated minimodules and silicon modules at the top. b) photo of PSM of 17 cm? recently
installed. ¢) photo of PSM of 50 cm? (left part) and PSM of 70 cm? (right part, which results were shown in
previous work (Ramirez et al., 2019).
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Figure 3-11. Outdoor performance for the perovskite minimodules and silicon module.

a-c) A linearity determination criterion based on the linear behavior observed between Pmax and the
irradiance. The coefficient of determination (r-value) is shown at the top, and the fitted equation is included
in the legend. d-f) Power delivery map as a function of irradiance and ambient temperature, the maximum
value of power delivery is shown on the top of each map. The color bar indicates the variable range.
Corresponding a and d) to perovskite minimodule of 17 cm2 of an active area. b and e) to perovskite
minimodule of 50 cm? of an active area. ¢ and f) to Sharp NU-RC290 (silicon monocrystalline) as reference.
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Based on the normalized contour maps behavior (Figure 3-12) is possible to see that P, exhibited
similar trends for both perovskite and silicon technologies, indicating that these variables are mainly
a function of the irradiance and changes according to this variable (Figure 3-12a-c). In terms of the
normalized short circuit current, the entire contour color behavior indicates that lower /. is obtained
for the case of silicon when compared to the PSMs. For instance, at an irradiance of 400 W/m? (blue
region related to low irradiances), the normalized ;. for PSM was approximately 0.4, while for the
silicon panel was approximately 0.3. Moreover, the higher relative values of normalized current
(higher than 0.7, orange-red region) are achieved for PSM at 800 W/m?, while for the silicon panel,
these values are achieved at 1000 W/m?”. This fact suggests that perovskite technology can produce
higher relative current values in a broader range of irradiances (Figure 3-12d-f). In terms of the
voltage, the V,. maps show a remarkable non-homogenous distribution of this variable at the entire
temperature and irradiance for the PSMs (Figure 3-12g-i).
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Figure 3-12. Normalized outdoor performance for the perovskite minimodules and silicon
module.

17



Corresponding a-c) to Puax. d-f) to Ise. g-i) to Voc. The color bar indicates the variable range. At the top is
shows the value used to normalize the data.

To get a thoughtful analysis of the obtained V. and identify differences between the perovskite and
silicon technology, we detached the contribution of temperature and irradiance to the V,. (Figure
3-13). From this figure, it is observed that the V. of perovskite exhibited a logarithmic dependence
with irradiance as reported elsewhere for other solar cell technologies (Cowan et al., 2010). This
dependence in solar cells indicated a voltage saturation that obeys a transition from monomolecular
recombination at low light intensities to bimolecular recombination as the light intensity increases
(Shao et al., 2014). In the case of silicon, the dependence of V. related to irradiance can be neglected
based on the low r-value. Thus, an almost constant V. is observed in Figure 3-13c for the irradiance
range studied. Interestingly, when considering the dependence of V,. with the ambient temperature
(Figure 3-13d-f), the slopes of the linear fitted suggest that perovskite technology at outdoor exposure
is affected positively by temperature (positive slope). In contrast, silicon is negatively affected as it
is well known. This fact becomes more significant when the module area increases from 17 to 50
cm?, as indicated by the coefficient of determination (0.14 to 0.722).
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Figure 3-13. Open-circuit voltage as a function of the irradiance and ambient temperature.
Corresponding a) to PSM of 17 cm?. b) to PSM of 50 cm?’. ¢) to the silicon module.

Figure 3-14 shows the V,. dependence on the temperature at different irradiances (between 200 and
1000 W/m?). These results suggested that the V. as a function of the temperature is linear for the
silicon module in accordance with IEC-61853-1. In contrast, it is nonlinear for the perovskite module
because of the slope changes at higher irradiances (800 W/m? for PSM 50 cm? and 900 W/m? for
PSM 17 cm?). This unusual behavior of perovskite technology can be explained in terms of lead
halide perovskite materials’ intrinsic properties. Through PL-temperature measurements, it has been
proved an increase of the energy gap (E.) with temperature contrary to other technologies such as Si,
Ge, and GaAs. This behavior could result from the particular electron-phonon coupling in lead halide
perovskites (Ramirez et al., 2018b). Due to the increase of the energy gap with the temperature and
its direct relation to V., this technology can operate at higher V,. when the modules reach higher
temperatures. This fact is relevant considering the limitation of current commercial silicon technology
when exposed to a high-temperature environment.
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Figure 3-14. Open-circuit voltage as a function of the irradiance and ambient temperature.
Corresponding a) to PSM of 17 cm?. b) to PSM of 50 cm’. ¢) to the silicon module. The data were filtered by
irradiance levels to show the temperature effect on V.
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3.5 Conclusions

Here, the developed monitoring system to evaluate the outdoor performance of different photovoltaic
technologies, including perovskite, was fully described. Hence, the developed solar tracers were
synchronized with the monitoring system to measure the I-V curve of photovoltaic modules and
photovoltaic cells/minimodules. Moreover, a methodology following IEC 61853-1 was proposed and
implemented to provide a complete characterization of the devices under various irradiance and
temperature conditions, allowing determination of the impact of weather variables on Py, Voc, and
L. The impact was shown in the form of maps to improve the weather variables’ visualization on
performance.

The monitoring system and proposed methodology were successfully applied to commercial
technologies such as silicon, HIT, and CIGs. In this way, processing the data according to the
irradiance levels defined by the power rating conditions suggests by IEC 61583, it was possible to
validate the datasheet’s power rating conditions for the evaluated photovoltaic modules. Remarking
that the NOCT was the most suitable power rating condition representing the outdoor performance,
with an error within the range + 5% for the modules evaluated during the exposure time. Hence,
NOCT could be considered as the most suitable condition to check the status of the devices.

Finally, the outdoor performance shown in the form of maps allowed a comparison of this emerging
perovskite technology with a well-known and optimized technology (silicon), observing similarities
between photovoltaic parameters such as power delivery. Hence, higher values of the normalized
short circuit current for perovskite modules were obtained when compared to the silicon modules,
suggesting that perovskite technology can produce higher relative current values in a broader range
of irradiances. Besides, the positive temperature dependence of the V,. under high irradiance levels
was also observed for perovskites minimodules. These results show for the first time that perovskite
minimodules can be a robust PV technology to be used under outdoor conditions. This positive
performance dependence on temperature and irradiance is a competitive fact in development of this
technology.
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4. Performance Evolution

This chapter analyzed the perovskite minimodules’ performance evolution, degradation rate, and
lifetime (7s9). The power loss tendencies or degradation-shape were compared with their
corresponding estimated n;p patterns under outdoor conditions, taking advantage of the lower
correlations of performance and open-circuit voltage (V,.) with temperature. Therefore, based on the
linear relationship between Tsp and the time to reach np=2 (Tnmp:), it was demonstrated that n;p
analysis could offer essential and complementary information with important implications for this
technology’s outdoor development, providing physical insight into the recombination mechanism
dominating the performance. Hence, the complementarity between Pyax and nyp allowed improving
the understanding of the degradation processes, device characterization, and lifetime estimation
(Velilla et al., 2021).

4.1 Perovskite Degradation

Information on system state and performance collected over time is referred to as degradation data
(Meeker et al., 2011). In solar devices (cells, modules, and panels), the natural indicator considered
to evaluate the degradation is the performance, which is commonly obtained from the I-V curves data
and contrasted to weather variables such as irradiance and temperature (IEC 61853-2, 2016). In this
sense, the failure for an individual device is defined as the time at which the output power dropped to
20% below the initial output, being this the standard definition of the lifetime of photovoltaic devices
(Ts0). It depends on different factors such as materials and procedures used in the device fabrication,
cell interconnects, weather conditions, seasonal variations, installation conditions, shading and
soiling effects, an electrical mismatch between cells, among others (Makrides et al., 2014). This
parameter is commonly obtained from the relationship between the maximum power and time in long-
term analysis for devices under real outdoor operating conditions. Moreover, considering that the
performance over time shows a seasonal behavior and a gradual performance loss tendency, it has
been commonly fitted using statistical methods such as linear regression to estimate the degradation
rate and the T (Phinikarides et al., 2014). Also, unsupervised machine learning has been employed
for analyzing the time-series data and estimate the lifetime (Meyers et al., 2020).

Currently, the long-term stability or lifetime (7s0) of perovskite technology on average is only a few
months, even for encapsulated devices, corresponding to a degradation rate higher than 100 %/year
(He et al., 2020). This short lifetime is the result of intrinsic and external aspects (Boyd et al., 2019).
The intrinsic degradation is mainly related to thermal and light soaking effects, while external
degradation is mainly related to the ingress of water, moisture, or oxygen into the device. In a general
way, the degradation effects can be observed as structural changes (MAPDI; from orthorhombic to
tetragonal at a high temperature above 330 K), separation or transition phase from “black” perovskite
(a-phase) into “yellow” perovskite (5-phase). This effect is well-known as bleaching the perovskite
to a yellow-white color (Domanski et al., 2018), passing before by the hydrated perovskite phase
(MA4Pbls-2H,0) (Zhao et al., 2016). In these cases, chemical decomposition produces Pbl, solid and
the formation of NH,CHs, HI, NHs, CH3sl (MAPbl; — Pblx(s)+ CH3:NH3l (MAI), CH;NHz;l—
CH;NH,+HI) (Bisquert and Juarez-Perez, 2019; McLeod and Liu, 2018) or I, gases (for instance,
under temperature: MAPbl; — CHsl(g) + NHs(g)) (Motti et al., 2019). On the other hand, the ion
migration observed in devices both with and without hysteresis (Calado et al., 2016) could be
associated with structural rearrangement, incorporation of MA™ ions or HI in the hole transporting
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layer (for instance, spiro) that induces deep-level defects (Zhao et al., 2017) because MAI is very
sensitive to moisture. This fact could quickly produce the release of MA" ions from perovskite film
(Ma et al., 2017). Also, this ion migration could produce interfacial charge accumulation or redox
reactions between metal contacts and iodide, fact observed for silver and aluminum electrodes
(Grancini et al., 2017). This metal contacts’ chemical degradation is characterized by the I-V curve’s
S-shape, highlighting that noble metals as Au also lead to corrosion (Guerrero et al., 2016b).
Furthermore, it has been shown that the illumination-induced degradation in the case of NiOy used as
the hole transport layer, being the defects of this layer correlated to the interstitial oxygen or N;i**
vacancies that occur as results of the creation of Ni** (2NiO—2Ni**+Ni,+20%) (Islam et al., 2017).
These defects or deep traps sites act as sinks for electrons, with recombination of the trapped electrons
occurring directly with the holes in the perovskite or the transporter layer (Wojciechowski et al.,
2015).

Accordingly, it is possible to find different mechanisms to improve the lifetime, including the
encapsulation process/method, kind of perovskite (2D, 3D, Etc.), selective charge contacts or other
layers involved (Heo et al., 2019), passivation of the interfaces (Yang et al., 2020) or the grain
boundaries (Zhang et al., 2020). Nevertheless, because the degradation is a complex process that
depends on the structure (layers) and their interfaces, the degradation studies must be conducted in
the complete device and not in isolated layers (Liu et al., 2020). Therefore, in this section, only
encapsulated minimodules with an inverted structure were evaluated.

4.2 Outdoor Test

To evaluate the perovskite minimodules’ outdoor performance evolution, weather variables such as
irradiance and ambient temperature (7) as well as the devices’ I-V curves were registered and stored
every minute during daylight hours (5:30 AM to 6:30 PM) using a previously developed monitoring
system (Velilla et al., 2019a). To ensure a complete I-V curve, V., was measured and recorded before
the measurement. Subsequently, the curve was scanned between -0.5 V and 1.1-V,, in the forward
direction. After the scanning, the [-V tracer was disconnected, and the device was in the open-circuit
condition.

The collected high-throughput data were processed following the flowchart shown in Figure 3-4. In
brief, from the I-V curves, photovoltaic parameters such as V., the short-circuit current (/.), the fill
factor (FF), the photoconversion efficiency, and P,... were extracted. The irradiances and ambient
temperatures were also recorded during the I-V measurement (synchronously). Subsequently, the raw
data were filtered based on the linearity determination criterion to minimize transient effects related
to changes in irradiance, shadowing caused by clouds or droplets, or atypical data (Velilla et al.,
2019b). Hence, the best-fit data with a deviation of +5% were selected as the filtered data,
representing the average conditions of the time window.

Moreover, the power loss tendency or degradation shape was obtained by calculating the OP observed
in the measurement sets, each of which contained measurements recorded over 100 hours of outdoor
exposure. The data in each set were filtered considering a deviation of 5% from the irradiance levels
corresponding to the power rating conditions (PRCs) indicated by IEC 61853-1 (IEC 61853-1, 2011).
That is, 1000 W/m? corresponds to standard test conditions (STC); 800 W/m? corresponds to NOCT
conditions; 500 W/m? corresponds to low-temperature conditions (LTC); and 200 W/m? corresponds
to low-irradiance conditions (LIC). The variables were recorded every minute during daylight hours,
and the time considered to obtain the average OP was slightly longer than four days (100 h). This
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time is long enough to consider the data recorded in each set to be statistically valid, allowing reliable
average values for tracking the performance evolution.

Accordingly, Figure 4-1 shows some photos of the perovskite minimodules exposed to natural
sunlight, without a tracker, in the facilities of the Solar Cell Outdoor Performance Laboratory of the
University of Antioquia (OPSUA) in Medellin, Colombia, during January-June 2019. The photos
highlight physical changes observed for the evaluation of approximately 40 minimodules during
January and June of 2019.

Kl

Figure 4-1. Installation of perovskite minimodules for the outdoor test.
a-i) Photos of installed minimodules. These were located close to other solar technologies studied for
independent works. a-c) corresponding to some samples of the same batch during the first 912 h of exposure.
d-f) corresponding to some samples of another batch during the first 552 h of exposure. g-i) corresponding
to samples that rapidly degraded. Some samples are highlighted with blue, green, and red circles to show
physical changes observed during the test.
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4.3 Puax Patterns

Figure 4-2 shows a summary of P,. evolution for the minimodules evaluated under outdoor
conditions following the procedure proposed in the last chapter (Figure 3-4). The NOCT conditions
were selected because it is defined as the equilibrium mean solar cell junction temperature of the
module in the describe environment (IEC 61215, 2003), these conditions reflecting adequately the
real operating, indicating how the module temperature is affected by solar irradiation, ambient
temperature and thermal properties of the photovoltaic material (Makrides et al., 2012), these

conditions are included on the datasheets for commercial solar modules, and NOCT can be reached
outdoors (Velilla et al., 2019a).

In this context, the evaluated outdoor samples exhibited three different P..x evolution patterns over
time, named convex, linear, and concave patterns, because of the shapes they exhibit, Figure 4-2a.
These three distinctive patterns are commonly described for degradation processes in the literature to
study possible degradation paths and estimate the failure time (Meeker et al., 2011). Therefore, these
Pax behaviors were fitting to linear models to estimate the degradation rate and Tgy. In this way, the
Tso values for the evaluated samples were analyzed in Figure 4-2b in a probability distribution plot.
This plot indicates that the double Weibull distribution is more suitable to represent the data
distribution with a shape parameter of ¢=0.6, suggesting higher mortality early of devices and that
the failure rate decreases over time. Also, this plot shows three groups, one related to Ts) lower than
200 h, another related to Tsy between 380 and 700 h, and the last one related to Ty higher than 1250
h. These groups agree with the degradation shape of concave, linear, and convex patterns,
respectively. Therefore, all the analyzed minimodules present behavior that can be statistically
associated with these three patterns. Finally, Figure 4-2c highlights the behavior of one representative
sample of each pattern, corresponding to the lower degradation rate of the initial Py.x 0of 0.29 %/day
to the convex pattern, a moderate degradation rate of 1.39 %/day to the linear pattern, and faster
degradation rate of 7.68 %/day to the concave pattern.
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Figure 4-2. Summary of Puax evolution from the outdoor test.

a) representative power loss tendencies for perovskite minimodules evaluated outdoor at NOCT, highlighting
the three cases considered representative with thicker lines. b) Probability density of Tsofor samples
evaluated to outdoor test, considering the failure time as the first time at which the power drop 20%.

Corresponding the blue bars to Tso data, black line to data fit to Normal Distribution function (being the
parameters: u=276.8 and std=478) and green line to data fit to Double Weibull Distribution function (being
the parameters: ¢=0.6, loc=80 and scale=453.7). This result suggested 3 degradation levels based on the
likelihood of Tso values. The first was related to faster degradation (Tso < 200 h) and the most likely, the
second related to moderate degradation (350 < Tso <700 h), and the third related to lower degradation (Tso >
1250 h). These levels could be mainly attributed to the minimodules’ manual encapsulation goodness that
allowed the moisture or water income. ¢) Degradation Rate (DR) of three representative patterns of each
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group according to degradation levels suggested by the probability function distribution of Tso.
Corresponding the DR to the slope of linear fitting showed (color lines). The slope of the fitted curves
provides the degradation rate in %/h units.

Accordingly, Figure 4-3 shows in the form of boxplots the P...x evolution of the three representative
samples of each pattern at STC, NOCT, low irradiance, and low temperature conditions. In these
cases, similar behaviors are observed for all evaluated power rating conditions related to each pattern,
allowing validation of the pattern exhibited. In this way, these three P,.. patterns have all been
previously observed for PSCs (He et al., 2020). For instance, the convex pattern has been observed
for encapsulated PSCs stored at room temperature, for which the P« loss was attributed to interface
deterioration inducing interfacial recombination, along with perovskite layer degradation related to
the formation of deeper defect states (Khadka et al., 2018). The linear and convex patterns have both
previously been observed in nonencapsulated cells under controlled relative humidity conditions,
depending on the Pblo,/MAI ratio (Ma et al., 2017), while the concave pattern has been observed in
encapsulated cells exposed to different levels of sunlight, suggesting that light intensity is the main
variable that accelerates the degradation process (Anoop et al., 2020). Moreover, this shape has also
been observed in nonencapsulated PSCs under different atmospheres and light intensities, with faster
degradation under higher relative humidity (Domanski et al., 2018), and in nonencapsulated devices
tested under air exposure, suggesting an increase in electrical traps due to ion migration from the
perovskite layer to other layers as the main reason for the degradation (Lee et al., 2019). In these
cases, the controlled atmospheres enabled correlation with the physical origins of the degradation,
whereas under outdoor conditions, because various factors may be involved in the degradation
process, determining the physical origin of the degradation is not always possible.
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Figure 4-3. Degradation patterns in the maximum power.

a-c) Maximum power under different power rating conditions suggested by IEC 61863 for the convex, linear,
and concave patterns. Green boxes correspond to 1000 W/m? (STC), blue boxes correspond to 800 W/m?
(NOCT), yellow boxes correspond to 500 W/m? (low-temperature condition), and gray boxes correspond to
200 W/m? (low-irradiance condition) for the (a) convex, (b) linear and (c) concave degradation behaviors.
The thick black line on each box represents the average performance in the corresponding time window. The
red line is included as a visual guide to illustrate the shapes related to the convex, linear, and concave
patterns.

Intended to obtain more information related to the P patterns, Figure 4-4 shows in the form of
contour the first 100 h of exposure for the main photovoltaic parameters extracted from the I-V curve.
The corresponding maps show the average impact of weather variables on Py, Voc, and L over a
broad set of T values and irradiances, ranging between 18 and 42 °C and up to 1200 W/m?,
respectively. These ranges correspond to the most representative values of the weather variables and
performances recorded during the time window considered. This figure allows us to identify some
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trends, such as the low-temperature dependence of V,., which was identified as a competitive
advantage of perovskite in the last chapter and remarked in (Velilla et al., 2019b). In this regard, the
data related to the convex pattern (Figure 4-4a,d,g) and the linear pattern (Figure 4-4b,e,h) follow
the expected trend, with Py, I, and V,. increasing with increasing irradiance but showing only a
low sensitivity to temperature. In contrast, concave pattern sample data do not exhibit this monotonic
variation, instead of showing local maxima or minima at various irradiance levels and temperatures
(Figure 4-4c.f,i). Moreover, when a lower total sampling time of 50 h is considered, the Ty of this
sample is estimated to be 80 h (see Figure 4-5), indicating that during the first 100 h of exposure, fast
degradation occurs, causing the nonmonotonic behavior depicted in Figure 4-4c.f,i. Also, based on
Figure 4-2c, it is observed that the sample with the concave shape degrades faster (75=80 h) than
the sample with the linear pattern (7s,=414.2 h), while the one with the convex pattern shows the
slowest degradation rate (7s=1442.2 h).
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Figure 4-4. Normalized outdoor performance of the three representative samples.
a-c) Maximum power, these data are also used to calculate the first point values for 100 h of exposition time
plotted in Figure 4-3a-c. d-f) Short-circuit current. g-i) Open-circuit voltage. Panels (a), (d), and (g)
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correspond to a device with a convex Pumax shape, according to Figure 4-3a. Panels (b), (e), and (h)
correspond to a device with a linear Pmax shape, according to Figure 4-3b. Finally, panels (c), (f), and (i)
correspond to a device with a concave Puax shape, according to Figure 4-3c. The color bar indicates the

variable range. At the top of each plot, the maximum recorded value used to normalize each variable’s data is

shown. These figures only considered the data during the first 100 h of exposure.
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Figure 4-5. Concave P pattern.

Puax at NOCT considering a sampling time of 50 h. The solid red line corresponds to a 20% loss of power and

is used to calculate Tso. Hence, the estimated Tso is 80 h.

In this context, the degradation in P, can be mainly attributed to the decreases in V. and I for the
convex and linear patterns, respectively. In contrast, both parameters are significantly degraded for
the concave pattern, as is shown in Figure 4-6 and Figure 4-7. These trends can be observed in a
proper way normalizing the variables extracted from the [-V curve (Figure 4-7) concerning the initial
values (Figure 4-6a-c), in order to fit their behaviors to linear regression models and estimate the
degradation rates (DR) by sections (Figure 4-6d-f). Therefore, it is possible to observe some features:

a)

b)

d)

Related to Pu.x convex pattern, this variable, and the V,. can be modeled by 2 linear models,
corresponding the DR value for the second section to 2 times first section’s value for both
variables. In contrast, the /. can be modeled by only one linear model characterized by a DR
value of 0.0023 %/h. These results indicated that the main power drop is because of the
changes in V..

Related to P linear pattern, this variable, and the V,. can be modeled by 2 linear models.
Nevertheless, the corresponding DR value for the second section for P is lower than the
DR value of the first section (0.035 and 0.058 %/h, respectively). For V., the DR for the
second section is 16 times the first section’s value (0.035 and 0.0022 %/h, respectively). .
can be modeled by only one linear model characterized by a DR value of 0.0029 %/h. These
results indicated that the main power drop is because of the changes in /.

Related to Pn. concave pattern, all variables can be modeled by 2 linear models,
corresponding the second section’s DR values to the lower DR values for each variable.
Moreover, in the first section, similar DR values for V,. and I, were obtained. These results
indicated that the power drop is because of both variables’ changes (/,cand Vo).
Accordingly, Pnax convex and linear patterns share similar trends, characterized by constant
DR for /., indicating a constant reduction in the charge extraction. Also, both V. patterns
shown a double increase in the DR after a specific time (1400 and 1000 h for convex and
linear patterns). This fact could be associated with surface traps allowing the charge
recombination, increasing the device’s series resistance, and causing the voltage drop.
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Figure 4-6. Normalized behavior for photovoltaic parameters.

Corresponding a) for variables related to Pmax convex pattern, b) for Puax linear pattern, and c) for Pmax
concave pattern. d) Maximum power for all patterns. e) I for all patterns and f) Vo for all patterns. The
green color corresponds to Pmax convex pattern, the blue color corresponds to Pmax linear pattern, and the
gray color corresponds to Pmax concave pattern. Solid lines correspond to the fits and color markets to the
data. The variables were normalized concerning each variable’s initial value shown in Figure 4-7.
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Figure 4-7. Outdoor performance for photovoltaic parameters.

Corresponding a-c) for Pua, d-f) for Is., and e-g) for V. a,c, and g) for convex pattern, b,e and h) for linear
pattern and c,f, and i) for concave pattern. Black lines are related to STC and blue lines to NOCT. Thick lines
correspond to the mean values of variables, while the thin lines correspond to the standard deviation of the
variables in the window time.

4.4 Ideality Factor Patterns

The outdoor data related to the three representative samples correlated to each P pattern (Figure
4-3) were analyzed following the methodology explained in the chapter 2 related to the ideality factor.
Therefore, the average n;p values were calculated using Equation 5, considering different
measurements of V. recorded at different irradiance levels in every 100 hours of the high-throughput
data under the flowchart Figure 3-4, taking advantage of the different levels of illumination caused
by day-night cycles to collect a large amount of data across a broad range of illumination conditions.

Figure 4-8 shows as an example the procedure to estimate the n;p using the data for the sample with
Prax convex pattern during the first 100 h of exposure. The raw data (full data during the first 100 h)
are filtered, applying a linearity determination criterion to minimize the influence of atypical data or
data related to unclear days, shadowing, dirt, or droplets on the surface. In this regard, the best-fit
data with a deviation of =+ 5% are selected as the filtered data, representing the average conditions
during the exposure time,

Figure 4-8a. Then, the data are filtered by the ambient temperature to extract the V. and irradiance
values correlated to this temperature. These V.. and irradiance values are used in accordance with the
Equation 5 to estimate the n;p values,

Figure 4-8b. Accordingly, to consider the deviations from the average value due to temperature
changes, n;p values are estimated by calculating this parameter in the measurement sets, filtering the
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data by temperatures between 25 and 37 °C in steps of 2 °C with a deviation of +1 °C. Then the mean
value of each dataset is considered as the average n;p value. The results during the exposure time for
the representative samples are shown in Figure 4-9 in the form of boxplots to illustrate the deviations
from the average value and data distribution for the samples analyzed.
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Figure 4-8. Procedure to estimate nip from Outdoor Data.

a) Linearity determination criteria to filter the data from atypical data, related to unclear days, dirty or drop
on the surface. At the top is shown the coefficient of determination (r-value), estimated from the fitting
process between Pmax and irradiance. This value is close to 1, indicating a linear behavior between variables.
The gray points correspond to data measured in the exposure time considered, and the color dots correspond
to data considered as filtered and representative of the dataset. In this case, the filtered data correspond to
the average conditions during the 100 h of exposure. b) Ideality factor estimated considering different
ambient temperatures and the data registered between 0 and 100 h of exposure. The parameters estimation of
nip for the linear regression in accordance with Equation 5 is shown in Table 4-1.

Table 4-1. Parameters related to the fit of V,. and Irradiance to estimate nyp.

Temperature | n;p | r-value | Slope | Intercept
K9]
25 1.58 0.98 0.16 2.57
28 1.67 0.98 0.17 248
30 1.81 0.99 0.18 237
32 1.86 0.99 0.19 2.32
35 1.91 0.97 0.20 2.25

The nip results showed in Figure 4-9 also exhibits three distinct evolution patterns or shapes.
Precisely, a convex Pn. evolution pattern corresponds to a concave n;p evolution pattern (Figure
4-9a) and vice versa (Figure 4-9¢). In contrast, for a linear P,... pattern, a linear n;p pattern is observed
(Figure 4-9b). In the cases of convex Pnq/concave np patterns (Figure 4-3a and Figure 4-9a) and
linear patterns (Figure 4-3b and Figure 4-9b), at times earlier than Ty (1442.2 and 414.2 h,
respectively), np takes values between 1 and 2, indicating bulk Shockley-Read-Hall (SRH)
recombination (Tress et al., 2018). It is a characteristic of most PSCs as this result was obtained from
fresh devices characterized under indoor conditions in chapter one (Figure 4-11). For longer times,
n;p exhibits values above 2, characteristic of a multiple-trap distribution, originating from the
formation of trap states, causing the performance degradation, as pointed out by Khadka et al.
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(Khadka et al., 2018). In concave Pua/convex nip patterns (Figure 4-3¢ and Figure 4-9c), the initial
values of n;p are higher than 2, indicating fast degradation in the first 100 h of exposure due to the
formation of multiple trap states. Interestingly, after the initial increase in 7;p, a progressive decrease
is observed in the concave (Figure 4-9¢) and convex (Figure 4-9c) cases, suggesting evolution from
bulk recombination to interfacial recombination. This behavior does not imply a recovery in device
performance; it only indicates a transition between two different recombination regimes in the
degradation process, from multiple-trap recombination to a regime with higher interfacial
recombination.
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Figure 4-9. Patterns of the ideality factor.

a-c) Ideality factor analysis of the three samples: (a) nip exhibits a concave pattern for samples exhibiting a
convex Pumax pattern, (b) nip exhibits a linear pattern for samples exhibiting a linear Pumax pattern, and (c) nip
exhibits a convex pattern for samples exhibiting a concave Pmax pattern. The average nip was calculated using
all data points recorded during each 100 h period. The boxplots were estimated by calculating nip, filtering
the data by T between 25 and 37 °C in steps of 2 °C with a deviation of +1 °C, and obtaining the maximum
and minimum nip to define the upper and lower bars, respectively. The thick black line on each box represents
the average performance in the corresponding time window. The red line is included data as a visual guide to
illustrate the shapes related to the convex, linear, and concave patterns.

It is worth noting that results in Figure 4-9 were estimated in accordance with Equation 5 using the
ambient temperature to simplify the methodology and the number of variables to record in the outdoor
test. Nevertheless, to determine the impact of the device temperature in the estimation of the ideality
factor, the data related to Pue convex pattern were used to estimate this parameter. In this sense,
Figure 4-10a shows the relationship between ambient and device temperature, which depicted a
linear behavior characterized by the figure’s inset equation and demonstrated by the r-value close to
1 shown at the top. Figure 4-10b shows the results of calculating the 7;p using the device temperature.
This behavior is very similar to the n;p behavior obtained in Figure 4-9a using the ambient
temperature. Therefore, to compare in a better way both behaviors, Figure 4-10c shows the average
values and standard deviation of the variable in the measurements sets, which contain the data over
100 h of exposure. Hence, the error between both estimations was 4.3%, which was calculated using
the Euclidean norm between the difference of both estimations. Consequently, it was possible to
validate that using the ambient temperature instead of device temperature allowed us to estimate
reliable values to track the evolution (because this estimation introduces a relative error lower than
5%) and simplifies the number of outdoor variables.
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Figure 4-10. Estimated ideality factor using the device temperature.

a) Relationship between ambient and minimodule temperature during the first 100 h of exposure.
Corresponding the points to measured data and the solid red line to the linear regression fit. The
corresponding coefficient of determination of the fits is shown at the top. b) Ideality factor calculated
considering the device temperature instead of the ambient temperature. The boxplots were obtained by
calculating the variables observed in the measurement sets, each of which contained measurements recorded
over 100 hours of outdoor exposure. The thick black line on each box represents the median value, while the
blue boxes represent 50 % of the data in the corresponding time window. ¢) Comparison of ideality factor
calculated using the device and ambient temperature. Solid lines of each color correspond to the estimated
average nip values and dotted lines to the standard deviation of the variables. These values were estimated by
calculating the nip values in the corresponding time window for ambient temperatures ranging between 25
and 35 °C and device temperature between 25 and 45 °C in steps of 2 °C.

Accordingly, two methods used for n;p determination have been verified through indoor
measurements in chapter one, Figure 2-24-Figure 2-27. In this way, considering the excellent
agreement with the n;p values calculated with the implemented procedure, two representative samples
of minimodules were analyzed following procedure shown in Figure 2-24. Figure 4-11a shows the
np calculated from the V,. fitting at different light intensities using Equation 5, which is close to 1.6
by the new device and higher than 3 for the degraded device. Figure 4-11b shows the impedance
spectrum at various light intensities for both devices (fresh and degraded), which were fitted to the
equivalent circuit to extract the R... and calculated the 7;p in accordance with Equation 6, considering
negligible transport and charge transfer resistances in both the bulk and the contact layers and at
interfaces (Yoo et al., 2019). Hence, n;p value can be calculated from the slope of the logarithmic plot
of Ryec vs. Voo, estimating a value close to 1.5 by the new device and 3.4 for the degraded device,
Figure 4-11c. Here, both methodologies’ estimated values show similar results, validating the
procedure, allowing us to observe that the degraded device shows surface recombination based on the
higher n;p value, while the fresh device is characterized by SHR recombination in bulk.
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Figure 4-11. Ideality factor under indoor conditions for minimodules.

a) Calculation of nip from the relationship between the open-circuit voltage and the irradiance level, where
the solid lines correspond to fits in accordance with Equation 5. These data indicate that an nip = 1.6 for the
new device and 3.5 for the degraded device. b) Nyquist diagrams of impedance at different light intensities
(experimental data, plotted as dots) and their corresponding fits (plotted as solid lines) for the new device
(upper plot) and for the degraded device (lower plot). The fits correspond to the best solutions obtained using
a genetic algorithm combined with the simplex method to minimize the error between the experimental data
and the circuit model according to Equation 1. ¢) Calculation of nip from the relationship between Ryec and
Voc using Equation 6. The linear regression fits indicate that nip = 1.5 for the fresh or new device and 3.4 for
the degraded device. The measurements were carried out at room temperature (25°C).

4.5 Complementary Analysis between Py..x and nip Patterns

A complementary analysis to the P methodology can be performed by considering the average nip
values over time. Hence, we normalized the average Pu.. under NOCT conditions concerning the
average value obtained for each sample during the first 100 hours of outdoor exposure in order to
estimate the Ty (Figure 4-2¢ and Figure 4-6). This result is shown in Figure 4-12, and by defining
Tnip; as the time in which the value of np first reaches 2, it is possible to observe that for times longer
than Ty (Figure 4-12a), n;p exhibits values higher than 2 (Figure 4-12b). Accordingly, Figure 4-12c¢
analyzes the relation between Tnipp: and Tsy, showing a strong linear relationship. This linear
relationship indicates that these parameters are correlated and complementary probes of the
degradation processes occurring in the devices. Tsy provides valuable commercial information and a
clear idea of a fundamental property of a photovoltaic module, namely, its lifetime, which is a key
concern for the customer.

On the other hand, Tnp, has a physical meaning related to the transition point from bulk SRH
recombination through a single level to recombination through multiple levels as a result of device
degradation (Tress et al., 2018). The linear relationship between these parameters indicates that the
degradation processes causing the reduction in device performance, as monitored by T, manifest as
a change in the recombination mechanism, as tracked by Th.p2. Accordingly, the complementarity
shown in Figure 4-12 between these two parameters allows us to correlate the commercial parameter
with a parameter that has physical meaning. This fact has important implications for the commercial
development of perovskite photovoltaics for outdoor applications. Therefore, although it is not
possible to extract direct conclusions from 7y regarding the degradation mechanisms and how the
recombination pathways evolve during the degradation process, it is possible to obtain
complementary information from 77;p; to correlate changes in n;p with recombination mechanisms
or degradation processes occurring in a device. Establishing this correlation will provide critical
complementary insight regarding the fundamental recombination within PSCs, which can be linked
to Tso. This relationship can then be used to improve the characterization and understanding of the
outdoor degradation processes affecting PSC technologies, aid in evaluating other cell configurations
and/or encapsulants, and potentially assist in linking outdoor data to indoor tests.
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Figure 4-12. Relationship between Tgy and nip.

a) Average Puax under NOCT conditions for samples normalized concerning the initial average value during
the first 100 h of exposure. The red dashed line corresponds to a 20% loss of power and is used to calculate
Tso. The symbols represent the normalized average power (see Figure 4-3) for three samples exhibiting the

three different characteristic patterns. The solid line of each color represents the corresponding fit to the
experimental data (see Table 4-2). b) Ideality factor over time for the samples analyzed in (a). The red dashed
line corresponds to nip = 2 and is used to calculate Tnips. The colored markers represent the average nip
values extracted from the experimental data (see Figure 4-9). The solid line of each color corresponds to the
fit to the data with the corresponding pattern (see Table 4-2). c) Relation between the time to reach a 20%
power loss (Tso) and time to reach an nip value higher than 2 (Tnipz). The blue line corresponds to the fit to
the data, Tso=1.2Tnip2 +60.1. In all cases, solid lines correspond to fits (see Table 4-2), while colored
symbols correspond to the fitted data.

Table 4-2. Fitted functions for Pmax and np.

Patterns Fitted function

Puaxconvex | Pua(t)=100-15.9exp(6.4et)+20.2exp(-2.8¢'1)
/nipconcave | nip(t)=1.3+0.02exp(0.003¢)-3.0exp(-3.33t)

Linear Pmax(t) =-0.04t+98.6
nip(t)=0.002t+1.4

Puaxconcave | Pua(t)=100-83.4exp(-2.01e1%)+122.3exp(-0.008t)
Inmeovex | nip(t)= 6-0.5382exp(0.00221)-47. 1329exp(-0.03190)+0.545 Lexp(-0.00631)

Therefore, the faster power loss observed for samples with concave P,../convex np patterns can be
associated with failures of the encapsulation that allowed moisture ingress, bleaching the perovskite
to a yellow-white color (Domanski et al., 2018); see Figure 4-1. Similarly, a rapid power drop, within
less than 5 days, has also been observed in encapsulated perovskite minimodules under outdoor
conditions due to a breach of the edge sealant that allowed water ingress, along with the associated
color change (Stoichkov et al., 2018). For devices exhibiting convex Pq/concave np data or linear
data, there was no evidence of color change even after more than 900 hours of exposure; nevertheless,
they also degraded, indicating another kind of degradation mechanism. Note that encapsulation
protects against not only moisture ingress but also degradation originating from the release of organic
components of MAPDI; into the atmosphere. Different MAPbI; degradation reactions result in the
formation of a Pbl, solid and NH,CH3, HI, NH3, CHsl (Bisquert and Juarez-Perez, 2019; McLeod
and Liu, 2018), or I, gases (Motti et al., 2019). Correspondingly, samples exhibiting convex
Pa/concave nyp or linear patterns show different degradation rates associated with differences in the
quality of the encapsulation process. During the first stage (when n;p<2), the samples undergo SRH
recombination dominated by lead vacancies and interstitial halogen (Motti et al., 2019). However, the
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formation of different types of gases leads to the appearance of multiple trap states, causing n;p to
become higher than 2. These gases can be released into the atmosphere through tiny pores formed
during the encapsulant preparation or produced by its degradation. Convex P,../concave np patterns
could indicate of the latter case, where the rate of degradation increases after a specific time (see
Figure 4-2¢ and Figure 4-6).

4.6 Comparison between n;p, Puax and Ryc.

The last section shows an essential and complementary analysis of 7/ to Puer to extract direct
conclusions regarding the degradation mechanisms and how the recombination pathways evolve
during the degradation process. Therefore, tracking the ideality factor helps us observe changes in the
device recombination process, for instance, from bulk to surface recombination. This n;p values can
be validated under indoor conditions. Moreover, because the agreement between the n;p values
estimated from the recombination resistance extracted through IFR analysis and the values calculated
from V,. at different light intensities in accordance with Equation 5, it is also possible to correlate
the Pyqr behavior with the R... behavior in order to obtain complementary information.

A comparative analysis intended to highlight the relationship between Pa and np/R... related to
recombination processes was performed in this regard. Hence, we simultaneously monitoring two
minimodules with similar structure to the minimodules fabricated in this work (between May and
November of 2018), but in large areas (50 and 70 cm?, respectively) and using silver instead of gold
as contact. Pyq and n;p were estimated from the outdoor data in accordance with the procedure shown
in Figure 3-4, while R,.. was estimated fitting the [FRs to the equivalent circuit shown in Figure 2-21
to calculate the R values.

Figure 4-13 shows some photos of monitored minimodules, remarking an important fact about the
color change in the back electrode, which was visibly in the first hours of exposure. This color change
was more evident in the device with an active area of 50 cm”. Besides, considering that both samples
never shown visual effects related to moisture ingress or bleaching the perovskite to a yellow-white
color during the outdoor test, it was discarded that the color change in the back electrode could be
related to moisture ingress.

Consequently, considering that the color of the back electrode changed, it is expected that behavior
could be reflected in the impedance of the devices. In this way, some points related to the [FR over
the time for both minimodules are remarked:

a) From the Nyquist diagram of impedances, Figure 4-14 shows significant changes in the
device’s impedances with an active area of 50 cm? compared with the impedance of another
device.

b) In a general way, related to the impedance at low frequencies, both samples showed a
decreasing behavior until to reach the lower impedance values, corresponding these values
to the impedance measured at 1541 h of exposure for both samples, Figure 4-14c,f. This
decreasing behavior was more progressive in the device with an active area of 70 cm?, Figure
4-14b,e.

c) From the impedance patterns in the Nyquist diagram, another arc’s formation is observed at
low frequencies. This arc could be correlated with superficial changes or charge accumulation
in the surfaces of the device.
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Figure 4-13. Evidence of electrode color change.
a-b) photos of samples during a different time, a) installed day 0 h and b) 168 h after installation. c-e) photos
of the back part of the same sample located at the left top of the panel (a) to show the color change in the
electrode. Corresponding c) to mounted sample in the outdoor test and d) to unmounted sample to observe the
full-back part of device and e) to minimodule of 70 cm?’ located at the right top of the panel (a).
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Figure 4-14. Nyquist diagram of impedance for larger minimodules.
Corresponding a-c) to minimodule with an active area of 50 cm?. d-f) to minimodule with an active area of 70
cn’. a, and d) correspond to representative patterns, while b, c, e, and f) correspond to total measurements
divided into two sets.
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From the Bode diagrams, Figure 4-15 and Figure 4-16, other aspects could be remarking:

a) The magnitude impedances spectrums clearly show that during the first 1000 h of exposure,
the main changes were performed at low frequencies, while the impedances at high
frequencies were almost constant, Figure 4-15b,e. Notably, for the device that not evidenced
significant color change in the back electrode (the device with an active area of 70 cm?), the
impedance at high frequencies was constant during the exposure. While the other device
showed significant changes at high frequencies, suggesting that the impedance changes could
be associate with the color change observed in the device, Figure 4-13.

b) The capacitance spectrums shown in Figure 4-16 allowed us to validate the last statement
because the bulk capacitance observed at high frequencies was almost constant for larger
device (70 cm?). However, this bulk capacitance changed dramatically for the device that
showed a significant color change in the back electrode. Suggesting that this behavior at high-
frequencies could be correlated with the charge accumulation on the surface of devices,
affecting the device’s geometrical capacitance.
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Figure 4-15. Bode diagram of impedance magnitude for larger minimodules.
Corresponding a-c) to minimodule with an active area of 50 cm?. d-f) to minimodule with an active area of 70
cm’. a, and d) correspond to representative patterns, while b, c, e, and f) correspond to full measurements
divided in two sets.
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cn’. a, and d) correspond to representative patterns, while b, c, e, and f) correspond to total measurements
divided into two sets.

Accordingly, to compare the P, and n;p behavior with the R... behavior, the R... values over time
for both samples were estimated, fitting the IFR measurements to the equivalent circuit shown in
Figure 2-21 to extract this parameter. Figure 4-17 compares the three variables normalized
concerning the mean value of the first 100 h of exposure. The complete outdoor performance for both
samples is shows in Figure 4-18 and Figure 4-19.

From the results shown in Figure 4-17, it can be observed that Py, exhibits monotonic behavior,
while n;p and R... show similar and richer patterns that allow the changes in the recombination
mechanism to be tracked more directly than can be achieved with P,.... For example, n;p is constant
in both examples during the first hours, while R,.. decreases, pointing to an increase in the SRH
defects density. At 800 h, n;p increases while R, increases. The n;p evolution indicates multiple level
defect formation while the R... increase points to an increase of transport resistance due to the
apparition of defects, as recombination resistance and transport resistance are coupled in perovskite
solar cells. These observations illustrate the valuable complementarity that the determination of n;p
can provide for studying and understanding outdoor PSM tests. This approach can be employed as a
diagnostic tool to detect initial failures or validate the device’s status.
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Figure 4-17. Comparison between Py, nip, and R,.. from the outdoor test.

a) data related to MAPI minimodule of 70 cm’ of active area (sample on the top of left part in Figure 4-13a-
b). b) data related to MAPI minimodule of 50 cm? of active area (sample on the top of right part in Figure
4-13a-b). Puax and Ryec are represented in the left axis, while the right axis is related to nip. Also, red dashed
lines are included to indicate the Tso and Tnipz, while color lines are included as a visual guide to show the

variables’ behavior.

It is worth noting that despite both devices were fabricated and evaluated under similar conditions,
and both devices exhibited similar trends between Ppa and I (Figure 4-18¢ and Figure 4-19¢),

hence,

a)

b)

some particularities could be remarking:

The Py evolution for the sample with an active area of 50 cm? could be correlated to the
convex pattern, Figure 4-18a and e. This pattern was also evidenced in the first 1500 h of
exposure for the n;p behavior depicted in Figure 4-18f. Nevertheless, the initial n;p values
are higher than 2, pointing to surface recombination, fact in accordance with the lower V.
(lower than 5.6 V), Figure 4-18d. The V,. exhibits a decreasing behavior that agrees with the
impedance changes observed at high frequencies, which shown in a general way an increasing
behavior over time (Figure 4-15a-c), suggesting changes on the surfaces or on the electrode
contacts. Also, based on the capacitance behavior depicted in Figure 4-16a-c, it is observed
changes in the capacitance at low frequency, suggesting changes in the bulk. In contrast,
changes at high frequency suggesting changes on the electrodes.

The Py evolution for the sample with an active area of 70 cm? could be correlated to the
linear pattern, Figure 4-19a and e. Behavior in accordance with the linear n;p behavior
depicted in Figure 4-19f. Which is characterized by n;p values lower than 2 in the first hours
of exposure and almost constant V,. values (close to 7 V considering the 8 cells in series).
Also, based on the capacitance behavior depicted in Figure 4-16d-f, the capacitance’s main
changes were at low frequency, which suggests charge accumulation or changes on the
electrodes’ surface. This fact is evidenced in the formation of the second arc at low frequency
in the Nyquist diagram.

Finally, based on the decreasing behavior shown by the photocurrent, the almost constant
behavior by V.., and the increasing behavior shown by n;p for both devices, it suggests that
the decrease of the charge extraction observed by the /. behavior could be correlated to
surface recombination because of the multiple level defect formation indicated by the n;p
values.
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Although other analyses are necessary to correlate the ion migration or other physical/chemical
phenomena with the change color of the back electrode. It is possible to infer that the capacitance
changes at low frequency observed as the formation of another arc in the impedance Nyquist diagrams
could be correlated with the electrode’s charge accumulation (Caram et al., 2020). The charge
accumulation on electrodes could produce the redox reactions between metal contacts and iodide for
silver electrodes, as was pointed in (Grancini et al., 2017), producing the interfacial degradation of
the metal contact (Guerrero et al., 2016b). This accumulation of negatively charged ions (I') in the
ETL is because of the drift of ionic vacancies as it was observed in MAPI with symmetric gold
electrodes (Li et al., 2018) or complete perovskite devices (Bertoluzzi et al., 2019). Therefore, this
mechanism could be mainly correlated with the formation of multiple level defects observed in the
nip/Rrec behavior.
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Figure 4-18. Outdoor performance for minimodules with an active area of 50 cm’.
a) Maximum power. b) short-circuit current. ¢) Open-circuit voltage. d) Open-circuit voltage at STC and
NOCT. e) Normalized variables concerning the mean values of first 100 h of exposure. f) Ideality factor from
outdoor data.
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4.7 Conclusions

This chapter presented a complementary methodology based on evaluating the ideality factor for
monitoring the outdoor performance of halide perovskite solar cells, which can improve device
characterization under outdoor testing conditions. This methodology takes advantage of the properties
of this new class of photovoltaic technology and the direct relationship between n;p and the
recombination pathway to provide insight to enable improved data interpretation and understanding
of the device degradation processes under outdoor conditions that are relevant to the commercial
application of PSCs. By applying this methodology, a high-throughput outdoor performance analysis
of MAPbI; minimodules was carried out following the international standard IEC 61853-1 to evaluate
the impact of weather variables on performance. The collected data were processed in measurement
sets based on measurements recorded over 100 h of exposure. In each set, n;p was calculated while
taking advantage of the different illumination conditions encountered during day-night cycles. The
outdoor performance was calculated based on the NOCT power rating conditions identified in the
IEC 61853-1 standard.

Taking advantage of the low dependence of PSCs on temperature, we proposed and then
demonstrated an analysis of outdoor performance using n;p. The main advantage of this approach is
that it provides direct physical insight related to recombination processes. To this end, we defined
Tnipz as the time at which n;p first reaches a value of 2, with a physical meaning related to the
transition point between bulk SRH recombination through a single level to recombination through
multiple levels because of device degradation. We showed that the three different degradation patterns
identified for P4 can also be identified by monitoring n;p. Also, based on the linear relationship
between Ty and Tnp2, these two indexes are correlated. Consequently, it is possible to take advantage
of their complementarity for the future development of PSCs. While T provides direct commercial
information, namely, the module lifetime, Tn;p, provides direct information on recombination
behavior and physical insight into the device state. Therefore, the proposed method provides a deeper
understanding of the evolution of recombination processes originating from different degradation
mechanisms, revealing not just the degradation profile but also how it is produced in terms of
recombination pathways. This complementarity is especially interesting for photovoltaic devices
whose outdoor behavior is under study, development, and optimization, as is currently the case for
perovskite solar cells.

Finally, it should be noted that each technology has its peculiarities, which often necessitate the
revision of characterization methods, and PSCs are no exception. Proof of this is provided by the very
recent consensus related to the stability measurement of PSCs. Here, we contribute to this discussion
by providing a high-throughput analysis that takes advantage of the peculiarities of perovskite
technology to determine the outdoor performance of PSCs. Regarding future systematic studies of
PSCs operating outdoors, we recommend reporting data collected under the NOCT power rating
conditions suggested by IEC 61853-1, which are commonly addressed in datasheets for commercial
technologies and are possible to achieve under outdoor tests. The complementary analysis and
determination of n;p can provide critical information for device characterization and the
understanding of degradation processes to accelerate the optimization of this technology or other
technologies with similar properties that could be under development.
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5. General Conclusions

Here, minimodules of approximately 8 cm” and 4 sub-cells connected in series were fabricated and
encapsulated with EVA. The reached higher efficiencies (close to 12 %) were in the current range
reported in the literature for minimodules with a similar area, that is, between 10 and 17 % (Liu et
al., 2020). Besides, the higher FF and V. allowed validation of the performed interconnection process
to reduces electrical losses. This is the main advantage of the series connection of cells instead of
large-area (monolithic) solar cells.

The devices were characterized not only by the I-V curve data but also by the ideality factor and
impedance spectra. In this regard, an Autolab procedure was implemented to estimate the n;p under
indoor conditions, in accordance with the flowchart shown in Figure 2-26. Therefore, an optimization
process combining genetic algorithm and Simplex method was implemented to estimate the n;p values
from the impedance spectra as a function of light or form the I-V curve data. It is worth noting that
the fitted impedance frequency response using the equivalent circuit model successfully reproduced
the impedance patterns under different light conditions for minimodules, cells, and incomplete cells.
This fact highlighted the accuracy of the implemented optimization process and the robustness of the
selected equivalent circuit to model the perovskite devices’ impedance frequency response.

To evaluate the outdoor performance of PV devices under natural sunlight without a tracker, the
developed solar tracers were synchronized with the monitoring system to measure the I-V curve
following IEC 61853-1, providing a complete characterization of the devices under various irradiance
and temperature conditions, allowing determination of the impact of weather variables on Ppax, Voc,
and /.. This procedure was implemented in Python functions on remote server to estimate the power
rating conditions of photovoltaic technologies such as silicon, HIT, CIGS and perovskite.

The outdoor performance allowed a comparison of the emerging perovskite technology with a well-
known and optimized silicon technology, observing similarities between photovoltaic parameters
such as power delivery. Hence, higher values of the normalized short circuit current for perovskite
modules were obtained when compared to the silicon modules, suggesting that perovskite technology
can produce higher relative current values in a broader range of irradiances. Besides, the positive
temperature dependence of the V,. under high irradiance levels was also observed for perovskites
minimodules. These results show for the first time that perovskite minimodules can be a robust PV
technology to be used under outdoor conditions. This positive performance dependence on
temperature and irradiance is a competitive fact in development of this technology.

On the other hand, the perovskite minimodules outdoor evaluation allowed observation of three
maximum power (Pnq) evolution patterns, named convex, linear, and concave patterns because of
the exhibited shapes. In this sense, all the analyzed minimodules can be statistically associated with
one of these three patterns, commonly described for degradation processes in the literature to study
possible degradation paths and estimate the failure time. Therefore, to analyze these degradation
behaviors (estimated at STC and NOCT), well-known statistical models such as linear regression
models were used to estimate the degradation rate and lifetime (7).

Besides, due to the day-night cycles, including dawn and noon conditions, which can naturally
provide a broad range of illumination conditions, it was proposed to estimate n;p from the open-circuit
voltage (Vo) dependence on irradiance and ambient temperature (outdoor data). Consequently,
because this parameter has been used to define solar device’s electrical behavior due to its relationship
with conduction, transport, recombination, and behavior at interface junctions, the changes in n;p
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could be correlated with the recombination mechanisms or degradation processes occurring in the
device. In this context, it was observed that the three different degradation patterns identified for P
can also be identified by n;p, highlighting the importance for evaluating the ideality factor and
monitoring the outdoor performance of halide perovskite solar cells.

Finally, taking advantage of the low dependence of PSCs on temperature, it was proposed and then
demonstrated an analysis of outdoor performance using n;p. The main advantage of this approach is
that it provides direct physical insight related to recombination processes. To this end, we defined
Tnipz as the time at which n;p first reaches a value of 2, with a physical meaning related to the
transition point between bulk SRH recombination through a single level to recombination through
multiple levels because of device degradation. Also, based on the linear relationship between 7 and
Tnip2, these two indexes are correlated. Consequently, it is possible to take advantage of their
complementarity for the future development of PSCs. While Ts provides direct commercial
information, namely, the module lifetime, Tnmp, provides direct information on recombination
behavior and physical insight into the device state.
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