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Abstract

In the case of emerging photovoltaic technologies such as perovskite, most 
published works have focused on laboratory-scale cells, indoor conditions and no 
international standards have been fully established and adopted. Accordingly, this 
chapter shows a brief introduction on the standards and evaluation methods for 
perovskite solar minimodules under natural sunlight conditions. Therefore, we 
propose evaluating the outdoor performance in terms of power, following the inter-
national standard IEC 61853–1 to obtain the performance according to the power 
rating conditions. After some rigorous experimental evaluations, results shown that 
the maximum power (Pmax) evolution for the analyzed minimodules could be corre-
lated with one of the three patterns commonly described for degradation processes 
in the literature, named convex, linear, and concave. These patterns were used to 
estimate the degradation rate and lifetime (T80). Moreover, ideality factor (nID) 
was estimated from the open-circuit voltage (Voc) dependence on irradiance and 
ambient temperature (outdoor data) to provide physical insight into the recombina-
tion mechanism dominating the performance during the exposure. In this context, 
it was observed that the three different degradation patterns identified for Pmax can 
also be identified by nID. Finally, based on the linear relationship between T80 and 
the time to first reach nID = 2 (TnID2), is demonstrated that nID analysis could offer 
important complementary information with important implications for this tech-
nology outdoor development, due that the changes in nID could be correlated with 
the recombination mechanisms and degradation processes occurring in the device.

Keywords: perovskite solar cell, outdoor performance, solar minimodule,  
ideality factor, degradation

1. Introduction

Perovskite solar cells (PSCs) have attracted the attention of the scientific com-
munity in the last decade evidenced by the impressive number of scientific publica-
tions found under the keyword “perovskite & solar cell” in the database SCOPUS1. 

1 Database SCOPUS, https://www.scopus.com, accessed on 24th June of 2021.
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At the time of writing, 19407 documents were retrieved, corresponding most of 
these works to small area devices measured in laboratory conditions. However, for 
the commercialization of this photovoltaic technology (PV), the main challenge is 
the fabrication of large area devices with high temporal stability and processed by 
scalable techniques, being a prerequisite for real-world application reliable mea-
surement of perovskite technology under outdoor conditions. In addition, given the 
characteristics of metal halide perovskites (denoted as “perovskites” in this work), 
it is to be noting that there is not a standardized protocol for the fabrication and 
performance measurements.

The relevance of outdoor performance is supported by a deep analysis of the sci-
entific literature which reveals that only a small fraction of research articles deals with 
perovskite solar cells measured in outdoor conditions. For instance, only 100 docu-
ments were found in SCOPUS when “outdoor” was added as keyword in the search. 
Thus, less than 1% of the documents reported outdoor measurements, illustrating 
the wide gap between the development of larger area devices and laboratory scale 
devices (active area, A < = 1 cm2). Moreover, from the data extracted of more than 
16000 scientific articles, almost 70% of these devices have a n-i-p architecture and 
active area smaller than 1 cm2 (see Figure 1a). This highlighted a big research activity 
in small devices, contrary to devices with areas closer to commercial applications. In 
fact, in the case of minimodule (cells connected in series and A > = 10 cm2), there are 
only 36 devices reported. Interestingly, at this scale the p-i-n architecture account for 
almost 42% of the devices reported. Thus, this cell configuration is of high interest 
for scaling up the perovskite technology since it has demonstrated higher stability, 
reproducibility and can be made from materials of lower cost such Nickel oxide 
(NiOx) as hole transport layer instead of spiro commonly used for N-I-P devices [1].

On the other hand, related to the reported stability measurements, the T80 which 
is the time at the device achieves 80% of its initial Power Conversion Efficiency 
(PCE), is plotted against measurement time (Figure 1b). Here, the gray area in the 
plot comprises 92.5% of the PSCs which have been tested for periods lower than 
1600 hours, far from the temporal stability offered by commercial technologies. A 
deeper analysis of the data reveals that only 37 devices (~0.09%) have been tested 
outdoor and only 28 devices have an area larger than 1 cm2. The small number of 

Figure 1. 
State of the art of perovskite photovoltaic technology. The plots were built using the data available in the 
“Perovskite Database Project”. (a). PCE as a function of active cell area. The gray area zone corresponds to 
large area devices (>10 cm2). Colors correspond to the cell architecture. (b) T80 as a function of measurement 
time. The gray area corresponds to devices measured for less than 1500 hours. Colors correspond to the cell 
architecture.
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publications dealing with large area PSCs tested under real conditions shows a void 
in the scientific literature which need to be overcome for commercialization of 
perovskite technology, considering that the processing techniques and materials used 
for the fabrication of this PSC are hardly applicable in large area devices, and the last 
PCE record for PSC of 25.2% is close to commercial technologies such as silicon.

Altogether, this analysis of scientific literature reveals the urgent necessity 
of studies dealing with performance measurements of large devices operated 
outdoors, tested for longer periods, and produced by solution-based methods 
compatible with scalable fabrication. In this chapter, we report a compilation of 
several studies developed in our group which report the fabrication and electrical 
performance characterization of perovskite minimodules tested in outdoor condi-
tions for periods as long as 2500 hours. The p-i-n mesoporous structure of the 
minimodules allows fabrication of devices on substrates of areas up to 100 cm2 and 
showed improved stability and reproducibility of the perovskite films on large-areas 
[1]. Moreover, the volatile solvent methylamine-acetonitrile used for the perovskite 
precursor its compatible with scalable fabrication methods [2]. To measure outdoor 
performance, we propose a methodology based on the international standard IEC 
61853–1 [3]. From the temporal evolution of the maximum power (Pmax) of solar 
minimodules tracked at the Solar Cell Outdoor Performance Laboratory (OPSUA) 
of the University of Antioquia, we have collected statistical data which allowed 
the measurement of lifetime (T80) as well as the temporal evolution of the ideality 
factor (nid). From these parameters, it is possible to extract the degradation rate 
and monitor the evolution of the degradation processes. Moreover, the information 
collected enable tracking the physical processes occurring in the device under real 
conditions. Finally, the linear relationship between the time at which the module 
reaches nID = 2 (TnID2) and T80, suggested the complementarity of these two param-
eters. This complementarity has important implications for improving the charac-
terization and understanding of the degradation processes and, consequently, for 
the PSC’s outdoor optimization.

2. Photovoltaic performance

The performance of photovoltaic devices is conventionally characterized by the 
I-V curve according to temperature and illumination conditions. Accordingly, the 
Standard Test Conditions (STC) defined as 1000 W/m2 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 such as open circuit voltage (Voc), short circuit current 
(Isc), maximum power (Pmax), and estimate the efficiency [4]. STC is commonly 
measured in indoor, addressed in the datasheet, and used to compare the progress 
of solar technologies [5].

Related to outdoor performance, International Electrotechnical Commission 
(IEC) published a series of standards in IEC 61853 intended to establish the require-
ments for evaluating the performance of all photovoltaic technologies in term of 
power [6] or term of energy and performance ratio (IEC 61853–3). In the case of 
energy, it is worth noting that the study involves the inverter performance. For 
that, the performance depends on the evaluated solar device, the electronic device, 
and the maximum power tracking algorithm [7]. In the case of power, the study is 
mainly based on the parameters extracted for the I-V, in this regard, the standard 
called “Photovoltaic (PV) module performance testing and energy rating – Part 1: 
Irradiance and temperature performance measurements and power rating” allows 
the validation of the devices status of any solar technology defining a pass/fail crite-
ria, in which the success is reached if the power rating conditions (PRC) measured 
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fall within the power range specified by the manufacturer [6]. Corresponding the 
conditions for the five power rating conditions to:

• Standard Test Condition (STC), defined at 1000 W/m2 and cell tempera-
ture of 25°C

• Nominal Operating Cell Temperature (NOCT), defined at 800 W/m2 and 
ambient temperature of 20°C

• Low Irradiance Condition (LIC), defined at 200 W/m2 and cell tempera-
ture of 25°C

• High Temperature Condition (HTC), defined at 1000 W/m2 and cell tempera-
ture of 75°C

• Low Temperature Condition (LTC), defined at 500 W/m2 and cell temperature 
of 15°C)

Consequently, the evaluation of the standard IEC61853–1 according to the five 
PRC provides a complete device characterization under various values of irradiance 
and temperature, observing the impact of weather variables on Pmax, Voc, Isc. Besides, 
this characterization could be carried out using a solar simulator and specialized 
equipment to set up the temperature and illumination conditions or in natural 
sunlight with and without a tracker.

In the case of emerging technologies such as PSCs, no international standards 
have been fully established and adopted, and most published works have focused on 
laboratory-scale cells to evaluate the performance, stability and degradation of this 
technology [8–14]. Thus, because this technology is in its infancy, insufficient data 
are available to fully establish or identify the degradation modes and mechanisms of 
PSCs, the impact on outdoor performance evolution including large devices [15, 16].

Related to outdoor performance evaluation of perovskite, the International 
Summit on Organic Photovoltaic Stability (ISOS) suggests 3 protocols [17]. 
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 condi-
tions, keeping the device at the Maximum Power Point (MPP) or open-circuit volt-
age. In contrast, the ISOS-O-3 suggests periodically recording the J-V curve using a 
solar simulator, keeping the device at MPP under outdoor conditions. Despite that 
these cases are related to outdoor, the electrical characterization is usually carried 
out under indoor conditions to evaluate the performance degradation or device 
stability, this obviously gives most of the time to over or sub estimate the real device 
behavior. On the other hand, the protocols suggest reporting the normalized data 
(per unit) considering the first value to normalize the data and obtain the degrada-
tion behavior to estimate degradation rate or lifetime. In this regard, a broadly-
supported consensus statement on reporting data related to stability assessment 
was published, highlighting certain particularities of PSC technology that must be 
taken into account [14].

3. Outdoor performance

To evaluate the outdoor performance of solar devices under natural sunlight 
without a tracker, a Solar Cell Outdoor Performance Laboratory of the University of 
Antioquia (OPSUA, Figure 2) was implemented in Medellín-Colombia (6° 15′ 38′′ 
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N 75° 34′ 05′′W, facing south at a fixed angle of 10°). In this laboratory, the perfor-
mance of photovoltaic technologies could be evaluated in terms of power measuring 
the I-V curve of devices under different illumination and temperature conditions 
according to IEC 61853–1.

To measure the I-V curve of solar devices different hardware techniques have 
been used [18], intended to improve portability, local data storage, low cost, and 
faster response during measurement. Two different types of I-V curve tracers (solar 
analyzer, SA) have been recently developed [19]. One SA is based on the capaci-
tive 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 3a), measuring the I-V curve from short circuit to 
open circuit. The other SA is based on the four-quadrant DC supply due to greater 
flexibility on sweep direction and speed, allowing a complete characterization 
including the reverse bias region and voltages higher than the open-circuit voltage, 
making it practical for hysteresis measurements. 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 3b). Moreover, to optimize the I-V curve process and 
store records, an embedded computer (Raspberry Pi) is connected to control each 
SA and measure the I-V curve every minute.

3.1 Methodology to estimate the performance from outdoor tests

The monitoring system implemented in OPSUA, allows to record, and store the 
weather variables (irradiance and temperatures), and electrical data (I-V curve). 
These data are uploaded to the remote server to provide backup, and centralize the 

Figure 2. 
Solar Cell Outdoor Performance Laboratory of the University of Antioquia (OPSUA). a) commercial 
technologies. b) perovskite devices.

Figure 3. 
Solar analyzers (SA) to tracer the I-V curve. a) SA for solar panels and b) SA for solar cells or minimodules.
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process to estimate the Outdoor performance according to the flowchart shows in 
Figure 2 considering the power rating conditions suggested by IEC 61853–1. 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 
that are created by merging the weather and electrical data, another part is related 
to the analysis, Figure 4.

In brief, from the I-V curves, photovoltaic parameters such as Voc, the short-
circuit current (Isc), the fill factor (FF), the photoconversion efficiency, and Pmax 
were extracted. The irradiances and ambient temperatures were also recorded dur-
ing the I-V measurement (synchronously). Subsequently, the raw data are 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 
[20]. Hence, the best-fit data with a deviation of ±5% were selected as the filtered 
data. These filtered data are used to perform the analyses:

a. Outdoor performance (OP): the impact of weather variables on performance 
is estimated and depicted in form of map to illustrate the performance as a 
function of irradiance and temperature, representing the average outdoor 
performance during the evaluated time and indicating the operative range of 
the involved variables (Figure 5a). A full description of these maps was shown 
in previous work [19–21].

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, that is, 
1000 W/m2, corresponding to standard test conditions (STC); 800 W/m2, cor-
responding to NOCT conditions; 500 W/m2, corresponding to low-temperature 
conditions (LTC); and 200 W/m2, corresponding to low-irradiance conditions 
(LIC). Hence, the data deviation of each power rating conditions is considered 
by the median value of the data considered in each sampling time, Figure 5b.

Figure 4. 
Flow chart to obtain the outdoor performance. Procedure to analyze and process the databases to obtain the 
impact of weather variables on outdoor performance (OP), power rating conditions (PRCs), and ideality 
factor (nID).
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c. Ideality factor (nID): nID is calculated following the procedure shown [21], 
considering the filtered data and processing the data at different ambient tem-
peratures between 25 and 35°C (Figure 5c). 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.

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

3.2 Perovskite outdoor performance

In OPSUA, perovskite minimodules (PMM) with inverted structure, large areas 
and different cells in series have been tested [1, 20, 21]. Figure 6 shows the perfor-
mance for three representative PMMs during the first 100 h of exposure in the form 
of contour. These maps represent the average performance allowing observation of 
the impact of weather variables on Pmax, Voc, and Isc. In this cases is noting that the 
performance for the samples show in Figure 6a, b, d, e, g and h, follow similar and 
expected behavior for Pmax, Isc, and Voc according to the irradiance. However, the 
performance shows in Figure 6c, f and i do not exhibit this monotonic behavior, 
showing local maxima or minima at various irradiance levels and temperature, 
behavior that was correlated with fast degradation processes during the first 100 h 
of exposure [21]. Therefore, these maps could be used as a diagnostic tool aimed at 
identifying early faults or degradation processes in the devices. Moreover, the maps 
allow us to identify the low-temperature dependence of Voc, which was identified as 
a competitive advantage of perovskite [20].

3.3 Perovskite degradation

Information on system state and performance collected over time is referred to as 
degradation data [22]. In solar devices (cells, modules, and panels), the natural indi-
cator 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 [23]. In this sense, the failure for an individual device could be defined 
as the time at which the output power dropped to 20% below the initial output, being 
this the standard definition of lifetime of photovoltaic devices (T80). It depends on 

Figure 5. 
Outdoor analysis. a) Outdoor performance displayed in the form of a map to show the impact of weather 
variables on performance. b) Calculated PRCs over time by filtering the data by batches considering the 
irradiance levels defined by the power rating conditions. c) Ideality factor estimated considering the ambient 
temperature and the data shown in figure a).
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different factors such as materials and procedures used in the device fabrication, cell 
interconnects, weather conditions, seasonal variations, installation conditions, shad-
ing and soiling effects, an electrical mismatch between cells, among others [24].

Currently, the long-term stability or lifetime (T80) of perovskite technology 
on average is only a few months, even for encapsulated devices, corresponding to 
a degradation rate higher than 100%/year [25]. This short lifetime is the result of 
intrinsic and external aspects [26]. 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 [27, 28]. Accordingly, it is 
possible to find different strategies to improve the lifetime, including the encapsula-
tion process/method, kind of perovskite (2D, 3D, Etc.), selective charge contacts or 
other layers involved [29], passivation of the interfaces [30] or the grain boundaries 
[31]. Nevertheless, because the degradation is a complex process that depends on 
the structure (layers) and their interfaces, the degradation studies must be con-
ducted in the complete device and not in isolated layers [32].

Figure 6. 
Normalized outdoor performance of three representative PMM. a-c) Maximum power. d-f) Short-circuit 
current. g-i) Open-circuit voltage. 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. Figure taken from [21]. Copyright 2021, Springer Nature.
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In this regard, Figure 7 shows a summary of Pmax evolution for different 
minimodules evaluated under outdoor conditions in OPSUA. Here, to show the 
performance degradation, the evolution of the performance at NOCT was selected 
because this power rating conditions is defined as the equilibrium mean solar cell 
junction temperature of the module in the described environment [33], these condi-
tions reflecting adequately the real operating, indicating how the module tempera-
ture is affected by solar irradiation, ambient temperature and thermal properties 
of the photovoltaic material [34]. In addition, these conditions are included on the 
datasheets for commercial solar modules, and it can be reached outdoors [19] whiles 
the STC conditions rarely occur outdoor [35].

The evaluated outdoor samples exhibited three different Pmax evolution patterns 
over time, named convex, linear, and concave patterns, because of the shapes they 
exhibit. These three distinctive patterns are commonly described for degradation 
processes in the literature to study possible degradation paths and estimate the 
failure time [22]. Therefore, these Pmax behaviors were fitting to linear models to 
estimate the degradation rate and T80. Thus, the T80 values for the samples were 
analyzed in Figure 7b in the form of probability distribution plot. This plot indi-
cates that the double Weibull distribution is more suitable to represent the data 
distribution with a shape parameter of c = 0.6, suggesting higher early mortality 
of devices and that the failure rate decreases over time. Also, this result suggested 
3 degradation levels based on the likelihood of T80 values. The first was related to 
the most likely and faster degradation (T80 < 200 h), the second related to moder-
ate degradation (350 < T80 < 700 h), and the third related to lower degradation 
(T80 > 1250 h). These levels or 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 7c highlights the behavior of one representative sample of each pat-
tern, corresponding to the lower degradation rate of the initial Pmax of 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.

It is worth noting that these three Pmax patterns have all been observed for  
PSCs [25]. For instance, the convex pattern has been observed for encapsulated 
PSCs stored at room temperature [36]. The linear and convex patterns have been 
observed in nonencapsulated cells under controlled relative humidity conditions [37],  

Figure 7. 
Summary of Pmax evolution at NOCT from the outdoor test. a) representative power loss tendencies for 
perovskite minimodules. b) Probability density of T80 for evaluated samples. Corresponding the blue bars to T80 
data, black line to data fit to Normal Distribution function (being the parameters: μ = 276.8 and std. = 478) 
and green line to data fit to Double Weibull Distribution function (being the parameters: c = 0.6, loc = 80 
and scale = 453.7). c) Degradation Rate (DR) of three representative patterns of each group according to 
degradation levels suggested by the probability function distribution of T80. 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.
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while the concave pattern has been observed in encapsulated cells exposed to 
different levels of sunlight [9]. In addition, this shape has also been observed in 
nonencapsulated PSCs under higher relative humidity [11], and in nonencapsulated 
devices tested under air exposure [38]. Nevertheless, in the case of controlled atmo-
spheres is possible to correlate the performance behavior with the physical origins 
of the degradation, whereas under outdoor conditions is not easy to determine the 
origin of the degradation.

In the case of the representative samples of each Pmax pattern obtained from the 
outdoor tests (Figure 7), The degradation in Pmax can be mainly attributed to the 
decreases in Voc or Isc for the convex and linear patterns, respectively (Figure 8a and b).  
In contrast, both parameters are significantly degraded for the concave pattern, as is 
shown in Figure 8c. Fitting the normalized variables concerning the initial values, to 
linear regression models in order to estimate the degradation rates (DR) by sections 
(Figure 8d–f), is possible to observe some features:

a. Related to Pmax convex pattern, this variable, and the Voc 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 Isc 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 Voc.

b. Related to Pmax linear pattern, this variable, and the Voc can be modeled 
by 2 linear models. Nevertheless, the corresponding DR value for the sec-
ond section for Pmax is lower than the DR value of the first section (0.035 
and 0.058%/h, respectively). For Voc, the DR for the second section is 

Figure 8. 
Normalized behavior for photovoltaic parameters. Corresponding a) for variables related to Pmax convex 
pattern, b) for Pmax linear pattern, and c) for Pmax concave pattern. d) Maximum power for all patterns. 
e) Isc for all patterns and f) Voc 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.
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16 times the first section’s value (0.035 and 0.0022%/h, respectively). Isc 
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 Isc.

c. Related to Pmax concave pattern, all variables can be modeled by 2 linear mod-
els, corresponding the second section’s DR values to the lower DR values for 
each variable. Moreover, in the first section, similar DR values for Voc and Isc 
were obtained. These results indicated that the power drop is because of both 
variables’ changes (Isc and Voc).

d. Accordingly, Pmax convex and linear patterns share similar trends, character-
ized by constant DR for Isc, indicating a constant reduction in the charge 
extraction. Also, both Voc 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.

3.4 Ideality factor (nID)

The ideality factor also called the quality factor or shape curve factor, is 
one of the most reported parameters 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 recom-
bination processes. For silicon, nID has been widely studied, reporting values 
between 1 and 2. Close to 1 indicates ideal junctions, equal to 2 is correlated 
with the degradation of the solar cell, non-uniformities on recombination 
centers, and shunt resistance effects [39]. This parameter has been estimated 
using the relationship between the open-circuit voltage (Voc) and light inten-
sity to overcome the effects of series resistance [40], performing numerical 
calculations [41], and fitting the I-V curves to equivalent circuits [42]. In the 
case of perovskite, a full interpretation of nID for non-encapsulated cells was 
reported, establishing the relationship between the dominating recombina-
tion process, light intensity and Voc [43]. In addition, under dark conditions, 
ideality factors close to 2 have been reported due to carrier recombination and 
trap-assisted recombination [44, 45] and values between 1.3 and 2.5 has been 
estimated considering several hole transport layer thicknesses [46]. Moreover, 
due to the estimation of this parameter could be affected by different aspects 
such as hysteresis, the dependence of open-circuit voltage on light intensity and 
temperature, parasitic resistances, among others, the perovskite ideality factor 
estimated from the dark I-V curve could be higher than 2 [47]. Nevertheless, an 
agreement has been shown between the nID value estimated from the recombina-
tion resistance extracted through impedance/frequency-response (IFR) analysis 
and the value calculated from Voc at different light intensities [21, 47, 48].

On the other hand, despite that nID can be accurately estimated from the I-V 
curve using proper optimization methods [49], 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 equiva-
lent circuit such as another diode have been included to reproduce the I-V behavior, 
increasing the complexity and accurate interpretation of ideality factor [42, 50]. 
The S-shape behavior is associated with the chemical degradation of electrical 
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contacts or charge accumulation on electrodes affecting the series resistance of the 
device [51]. Thus, to avoid the series resistances issues, another method is used to 
estimate the nID the relationship between Voc and light intensities, Eq. (1). This 
equation shows the relationship between the Voc, bandgap (Eg), thermal voltage, 
ideality factor, and logarithmic dependence on light.
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G
k
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(1)

Where e is the electron charge, m is the number of equal cells connected in series, 
Eg is the light absorber bandgap, kB is the Boltzmann constant, T is the temperature, 
G is the irradiance or light intensity, and G0 is a constant with the same units than G.

Accordingly, the outdoor data related to the three representative samples cor-
related to each Pmax pattern were analyzed following Eq. (1). Therefore, the average 
nID values were calculated from the outdoor data 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 9 shows as an example the procedure to estimate the nID using the 
outdoor data for the sample with Pmax 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, represent-
ing the average conditions during the exposure time, Figure 9a. Then, the data are 
filtered by the ambient temperature to extract the Voc and irradiance values 
correlated to this temperature. These Voc and irradiance values are used in accor-
dance with Eq. (1) to estimate the nID values, Figure 9b. Accordingly, to consider 
the deviations from the average value due to temperature changes, nID values are 
estimated by calculating this parameter in the measurement sets, filtering the data 
by temperatures between 25 and 37°C in steps of 2°C with a deviation of ±1°C. 

Figure 9. 
Procedure to estimate nID from Outdoor Data. a) Linearity determination criteria to filter the data from 
atypical data. At the top is shown the coefficient of determination (r-value), estimated from the fitting process 
between Pmax and irradiance. The gray points correspond to data measured in the considered exposure time, 
and the color dots correspond to data considered as filtered and representative of the dataset. 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 nID for the linear regression in accordance with Eq. (1) is shown in Table 1.
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Then the mean value of each dataset is considered as the average nID value. The 
results during the exposure time for the representative samples are shown in 
Figure 10 in the form of boxplots to illustrate the deviations from the average value 
and data distribution for the samples analyzed.

The nID results showed in Figure 10 also exhibits three distinct evolution patterns 
or shapes. Precisely, a convex Pmax evolution pattern corresponds to a concave nID 
evolution pattern (Figure 10a) and vice versa (Figure 10c). In contrast, for a linear 
Pmax pattern, a linear nID pattern is observed (Figure 10b). In the cases of convex 
Pmax/concave nID patterns (Figures 9 and 10a) and linear patterns (Figures 9 and 
10b), at times earlier than T80 (1442.2 and 414.2 h, respectively), nID takes values 
between 1 and 2, indicating bulk Shockley-Read-Hall (SRH) recombination [43]. For 
longer times, nID exhibits values above 2, characteristic of a multiple-trap distribu-
tion, originating from the formation of trap states, causing the performance deg-
radation, as pointed out by Khadka et al. [36]. In concave Pmax/convex nID patterns 
(Figures 9 and 11c), the initial values of nID are higher than 2, indicating fast deg-
radation in the first 100 h of exposure due to the formation of multiple trap states. 
Interestingly, after the initial increase in nID, a progressive decrease is observed in 
the concave and convex (Figure 11a and c) 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 recom-
bination regimes in the degradation process, from multiple-trap recombination to a 
regime with higher interfacial recombination.

It is worth noting that results in Figure 10 were estimated in accordance with 
Eq. (1) 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 

Figure 10. 
Patterns of the ideality factor. a-c) Ideality factor analysis of the three representative samples: (a) nID exhibits 
a concave pattern, (b) nID exhibits a linear pattern, and (c) nID exhibits a convex pattern. The thick black line 
on each box represents the average value in the corresponding time window. The red line is included as a visual 
guide to illustrate the patterns. Figure taken from [21]. Copyright 2021, Springer Nature.

Temperature (°C) nID r-value Slope Intercept

25 1.58 0.98 0.16 2.57

28 1.67 0.98 0.17 2.48

30 1.81 0.99 0.18 2.37

32 1.86 0.99 0.19 2.32

35 1.91 0.97 0.20 2.25

Table 1. 
Parameters related to the fit of Voc and Irradiance to estimate nID.
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the device temperature in the estimation of the ideality factor, the data related to 
Pmax convex pattern were used to estimate this parameter. In this sense, Figure 11a 
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 11b shows the results of calculating the 
nID using the device temperature. This behavior is very similar to the nID behavior 
obtained in Figure 10a using the ambient temperature. Therefore, to compare in 
a better way both behaviors, Figure 11c 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.

4. Conclusions

Outdoor performance of emerging halide perovskite photovoltaics is just start-
ing to become an important issue to determine the technology behavior under more 
realistic conditions. Specific standards are required to be applied for particular 
technologies specially for halide perovskite solar devices, as their behavior not neces-
sarily follows the typical silicon or other traditional semiconductors based technology. 
However, general standards like IEC 61853–1 allows to stablish valid criteria to study 
these emerging devices. Parameters as lifetime (T80) and ideality factor (nID) can be 
estimated from the maximum power output trends and open-circuit voltage (Voc) 
dependence on irradiance and ambient temperature from outdoor data. Moreover, the 
values can provide physical insight into the recombination mechanism dominating 
the performance during the exposure. Perovskites degradation indicates both bulk 
Shockley-Read-Hall (SRH) recombination and multiple-trap states for higher values of 
ideality factor. These methodologies allow to continue studying different architectures, 

Figure 11. 
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. c) 
Comparison of ideality factor calculated using the device and ambient temperature. Solid lines of each color 
correspond to the estimated average nID values and dotted lines to the standard deviation of the variables. These 
values were estimated by calculating the nID 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.
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