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Abstract: The mass production of photovoltaic (PV) devices requires fast and reliable characterization
methods and equipment. PV manufacturers produce a complete module roughly every 20 s, and
the electrical performance assessment is typically completed in less than 1 s. Times are even more
stringent during cell manufacturing. To be competitive in the PV market, perovskite solar cells and
modules aim to the same target, i.e., fast and reliable quality assessment. This communication report
discusses the limit of characterizing the current perovskite technology. Standard current vs voltage
measurements are compared to maximum power point tracking (MPPT), and a fast MPPT procedure
is developed to meet the highly demand standard for quality control in the industry of PV production.
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1. Introduction

In the last decade, perovskite photovoltaic (PV) devices have shown an unprece-
dented improvement, both in terms of power conversion efficiency (PCE) [1] and overall
stability [2]. Nowadays, also thanks to governments funding support (see for instance the
European Strategic Research and Innovation Agenda), perovskite PV has begun the techno-
logical transition from research laboratories to the industry [3,4]. In such a framework, the
common practices for perovskite characterization (cell stabilization procedures, slow scan
rates, and light soaking analysis) [5] are not compatible with fast industrial processes re-
quiring just few seconds for quality assessment. Furthermore, worldwide industries mostly
rely on normative guidelines from the International Electrotechnical Commission (IEC);
however, the characterization methods described in the IEC 60904-1 [6] are not applicable
for metastable devices [7] and, although a technical report exists (IEC TR 63228) [8], an
equivalent standard for the measurements of perovskite devices is yet to be released.

It is therefore of fundamental importance to find and standardize a fast and reliable
solution to evaluate the quality of perovskite-based solar cells and modules.

In this communication report, we fabricated semi-transparent formamidinium lead—
bromide perovskite (FAPbBr3) mini-modules consisting of six cells connected in series.
First, we characterized them by performing standard current-vs-voltage measurements.
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Then, we implemented a Fast Maximum Power Point Tracking (Fast-MPPT) algorithm,
showing that it can be used to obtain a quick estimation of devices” PCE, with higher
reproducibility with respect to conventional methods. Lastly, a procedure for the quality
assessment of perovskite PV, and possibly other emerging PV devices, targeting the need
of industrial manufacturing is provided.

2. Materials and Methods
2.1. Perovskite Mini-Module Fabrication

The mini-modules based on FAPbBr3 perovskite were realized following the work
of Di Girolamo et al. [9]. In short, the cell architecture was of NIP type, consisting of
the following stack: glass/FTO/TiO,/SnO,/FAPbBr; /PTAA /ITO. Patterning (P) of the
module was achieved by using the P1, P2, and P3 strategy, performed by using a raster
scanning laser (Wophotonics; Yb:KGW; A = 355 nm; 5 ps; pulsed at 2000 kHz with a fluence
per pulse for patterning cells and for a P1, P2, and P3 of 40.85, 29.06; and 21.23 m] cm ™2,
respectively) on 60 mm x 60 mm sized-substrates. Extensive details on the P1-P2-P3 scheme
are reported in [10]. After P1 laser ablation, a 20 nm-thick TiO, compact layer (c-TiO;) was
deposited by spray pyrolysis at 460 °C, using a precursor solution consisting of titanium
diisopropoxide bis(acetylacetonate), acetylacetone, and ethanol with a 3:2:45 volume ratio.
Then, 2% Nb doping was achieved by adding niobium ethoxide to the precursor solution.
SnO; nanoparticle-based ink at 1:20 v/v in deionized water was deposited on the Nb/TiO,-
coated substrate by spin coating at 4000 rpm for 20 s. Then, the substrates were annealed
at 120 °C for 20 min. A stoichiometric perovskite solution (FAPbBr3) was prepared by
mixing 1 M PbBr, and 1 M FABr in DMSO solvent. Then, the FAPbBr; perovskite films
were obtained by spin coating at 4000 rpm for 20 s using a solvent quenching method
on warm substrates (60 °C). Ethylacetate (500 pL) was dropped after 10 s. The samples
were then annealed at 80 °C for 10 min. We used neo-Pentylammonium chloride (NEO)
and iso-Pentylammonium chloride (ISO) solution (1 mg/mL) deposited on the top of
perovskite to create a 2D perovskite interface by spin coating at 4000 rpm for 20 s. The
ISO-NEO strategy allows for a strong reduction in non-radiative emission and an increase
in PV parameters. We achieved a light utilization efficiency (Efficiency x Average Visible
Transmittance) above 5.5%. The PTAA solution (10 mg/mL) in the toluene solvent was
doped using TBP (10 pL/mL) and Li-TFSI (5 pL/mL, stock solution: 170 mg/mL in
acetonitrile). The PTAA layer was deposited by spin coating at 4000 rpm for 20 s. After P2,
low temperature ITO deposition was performed by using an industrial in-line magnetron
sputtering (KENOSISTEC S.R.L., KS 400 In-Line, Milan, Italy) at 1.1-10~3 mBar and 90 W
RF power. Inert Ar gas was purged in the chamber (40 sccm) during the ITO deposition
to activate the Ar* plasma. P3 ablation lines were processed in order to obtain the final
module layout formed by six cells with 7.38 mm x 45 mm cell width and height, connected
in series. In this way, the minimodules had an active area of 20 cm?, with a geometrical fill
factor exceeding 97%.

2.2. Electrical Characterizations

PV devices’ performance is evaluated by extrapolating their most representative
figures of merit, namely, open-circuit voltage Voc, short-circuit current Isc, maximum
output power Pyax, voltage at maximum power point Vpp, and current at maximum
power point Ipp. All the electrical characterizations were performed in light conditions
using a Keithly 2460 Source-Meter in a four-wire configuration to reduce all the parasitic
components as much as possible.

Dual-scan current vs voltage (I-V) measurements were performed by sweeping the
samples’ voltage from 0 V to (Voc) and backward with a scan rate of 6 V/s (I-V voltage
sweep). Similarly, I-V current sweep was performed by scanning the current from 0 A to
Isc (and backward). No additional delay was added between forward and reverse sweeps
(the last data point of the forward scan is the first data point of the reverse scan).
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Fast Maximum Power Point Tracking (Fast-MPPT) was performed using an adaptation
of the predictive variable-step Newton—Raphson method proposed by Hosseini et al. [11].
In particular, starting from a guess value of Pypjax, the device voltage was perturbed with a
variable AV step calculated according to the Newton—Raphson algorithm [11], as reported

in the following formula:
P(n)—P(n—1)

- grad(n) — grad(n — 1)’ @
with P(n) — P 3
n)—P(n—
grod(m) = iy V(1) @

where #n is the incremental number of steps during the algorithm, P(n) in the measure
output power at step 1, and V() is the applied voltage at step n.

In contrast to the method reported in [11], voltage instead of current is used as the
perturbation variable. This allows for improved stability (especially for metastable devices)
and higher precision around the maximum power point, as small current variations may
induce large power changes, whereas small voltage variations lead to small power changes.
Furthermore, to avoid possible divergence of the Newton—-Raphson algorithm for very
small values of grad(n + 1) — grad(n), Equation (1) can be simplified as follows:

P(n)—P(n—1)

AV =[V(n)—V(n— 1)]W

)

While Equation (1) ensures fast convergence, Equation (3) provides higher stability.
Therefore, to ensure both fast convergence and high stability in our MPPT method, we
combine both equations as follows:

AV = ATy V(n)—V(n—1)>10V o
V()= V(n =)o —py} V(1) =V(n—1) <10V

Measurements are performed by measuring both current and voltage, with a sampling
time of 14 ms (~71 samples/s). After Pyax convergence, the Fast-MPPT measurement
continues until the variation in APyjax becomes stably lower than 10 pW.

Samples were illuminated using a custom ECOSUN Cell (A + A + A ++ Sun Simulator
from Ecoprogetti S.r.1.), certified according to IEC 60904-9 [12]. The total irradiance of the
solar simulator was adjusted by computing the spectral mismatch correction factor for the
perovskite samples under test according to IEC 60904-7 [13].

3. Results and Discussion

The industrial PV production process requires the fast in-line evaluation of cell/module
performance, which is usually achieved by performing fast I-V sweeps (typically lasting less
than 1 s) using a solar simulator with a spectrum resembling the AM1.5G solar spectrum as
closely as possible.

Sustaining these standards becomes a real challenge with perovskite solar cells (PSCs).
An explicative example is reported in Figure 1a, showing an I-V sweep with a voltage scan-
rate of 6 V/s. This is a relatively slow-scan rate, at least for PV manufacturers; however,
the resulting I-V curve is characterized by a marked hysteresis that makes it challenging
to univocally identify the device figures of merit. In particular, Pypax rises from 75.5 mW
during the forward scan to 81.9 mW during the reverse scan, giving an uncertainty larger
than 8%, which is unacceptable for most PV manufacturers. This is even more unacceptable
considering that the real Pyjax value may not be represented by either of the two scans.
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Figure 1. (a) I-V voltage scan for extended (red solid line) and perovskite-friendly (gray dashed line)
spectra; (b) ECOSUN extended (red solid line) and perovskite-friendly (gray dashed line) spectra
used during the tests.

It is worth noticing that since the absorption spectra of the PSCs under test ranges
from 300 nm to 550 nm, we can adjust the ECOSUN spectrum to make it more “perovskite-
friendly” (see Figure 1b for the comparison of the two spectra). In such a way, we can limit
the variability factors during measurements by reducing sample self-heating processes and,
at the same time, reducing the power consumption of the solar simulator.

Figure 1a shows a comparison between two IV sweeps performed with the two different
illumination spectra. The perfect overlap between the two curves confirms that there is
no information loss in reducing the active illumination spectrum and that the presence of
hysteresis during the scans is due to the intrinsic metastability of the device [14], unrelated
to any degradation phenomena. In the following text, the reduced “perovskite-friendly”
spectrum will be used.

A tentative approach to reducing hysteresis (hence uncertainty in the extrapolation
of device parameters) is to perform a current sweep instead of a voltage sweep. This
approach is already effective for large-capacitance PV cells and modules, as with the silicon
heterojunction technology, but we discourage its use with perovskite technologies due to
their large ionic contribution. As reported in Figure 2, current sweeps induce an important
displacement of mobile ions that reflects in a larger hysteresis that goes from 0.8 V during
voltage sweeps (gray dashed line in Figure 2) to 1.9 V during current sweeps (red solid line
in Figure 2). Furthermore, such displacements could trigger degradation processes that can
irreversibly damage the device under test [15].

The comparison between voltage and current sweeps highlights once again the issue
of correct evaluation of the Pyax. In fact, during current sweeps (Figure 2), Ppiax goes
from 77.2 mW to 87.1 mW (11% variation, compared to the 8% variation during the voltage
sweep). Such a large Pypjax uncertainty, combined with a device’s intrinsic instability [16],
compels us to ask ourselves how we should consistently evaluate perovskite PV devices’
maximum power.

Given the above-mentioned problematics/limitations, it is therefore mandatory to find
an alternative approach to promptly extrapolate the most relevant figures of merits of per-
ovskite and, possibly, other emerging PV technologies. For this purpose, the International
Summit on Organic Photovoltaic Stability (ISOS) protocols may come in handy. In 2020,
several research teams used the ISOS protocols as the foundation for common practice for
testing perovskite photovoltaic devices [5]. In this statement, they recommended the use of



Photonics 2024, 11, 880

50f 8

MPPT, not only for investigating devices’ stability and aging properties, but also as a tool
for the assessment of PV devices’ performance.

current sweep votlage sweep

Current [A]
)

0 2 4 6 8 10
Voltage [V]

Figure 2. I-V current sweep with perovskite-friendly spectrum (red solid line). The gray-dashed line
reports the IV voltage sweep in Figure 1 for a direct comparison.

Therefore, we implemented a Fast-MPPT method, as described in Section 2.2, that
allowed us to rapidly converge to a stable value of Ppjax.

Figure 3 shows the result of our Fast-MPPT method. Clearly, this method is a more
straightforward way to quantify devices’ maximum output power in less than 500 ms.
Furthermore, our Fast-MPPT provides a higher repeatability, with a Pypjax variability below
1% between consecutive measurements.
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£g_/ Voc =82V lsc =18.2mA
= 50 Isc f 18.2mA Puax = 85.7 mW
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Figure 3. Fast-MPPT with automatic end-of-measurement after convergence. The red squared line
and the gray circle line are two consecutive measurements with a perovskite-friendly spectrum (1°
and 2° runs, respectively).

Based on the above observations, we suggest the use of MPPT instead of standard
I-V sweeps for the quality assessment of perovskite-based PV devices (either small cells or
modules). Therefore, tests in PV production lines should be performed according to the
following procedure:

e Illuminate the PV device with a calibrated solar simulator.
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e Individually evaluate the short-circuit current Igc by forcing 0 V across the device
terminals and measuring the corresponding current.

e Individually evaluate the open-circuit voltage Voc by forcing 0 A across the device
terminals and measuring the corresponding voltage.

e  Perform a Fast-MPPT until the output power stabilizes with the desired precision (e.g.,

10 uW).

e  Write a report with the measured Isc, Voc, Pmax, Ipp, Vpp.

We are aware that this procedure may still lead to some uncertainty, as the output
power may differ depending on several factors including the stabilization method, which
is not discussed here as it is outside the scope of this work. However, such a method is
perfectly compliant with the fast standards of the market of solar panel production and
presents little variability among consecutive tests.

As a final remark, it is important to note that the applicability of this procedure is not
limited to perovskite or other metastable devices but can also be successfully implemented
without any modifications to the current PV technology in the market. To support this claim,
we performed this procedure on commercially available PERC (passivated emitter and rear
contact) and TOPCon (technology to tunnel oxide passivated contact) technology, and an
example is reported in Figure 4, confirming the strength and validity of our approach.

3.5
3
2.5
2
x
©
£1s
] Voe = 0.69V
lsc =6.45A
Prax = 3.26 W
0.5 Vpp =0.54V
lpp =6.05A
0
0 0.1 0.2 0.3 0.4

time [s]

Figure 4. Example of Fast-MPPT with automatic end-of-measurement after convergence performed
on standard 10 bus-bar half-cut PERC solar cell.

4. Conclusions

In this communication, we evaluated the electrical characterization of perovskite mini-
PV modules from an industrial point of view. In a PV production line, the time requirement
for PV characterization is very strict (time equals money) and the quality evaluation of a
PV module should be performed in no longer than 1 s.

Perovskite-based PV does not meet such requirements yet. Performing a full I-V scan
can take much longer than 1 s, without giving a univocal result on the device’s figures of
merit. Conversely, MPPT is less prone to misinterpretation, and fast algorithms can be
implemented. Accordingly, we propose a fast and robust procedure to evaluate the quality
of perovskite PV devices by extrapolating the main figures of merit.

We infer that this method does not present any critical issues in its applicability, and it
can be extended to conventional PV technology as well as to emerging technologies.
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