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ABSTRACT

Organic-thin film and perovskite solar cells are extremely promising because of their rapid progress in photovoltaic conversion
efficiency (PCE). Beyond developing new materials and fabrication techniques, accurate performance characterization is essential
for research and application. This study reports a round-robin interlaboratory comparison of current density-voltage (J-V) char-
acteristics under standard test conditions (STC) and external quantum efficiency (EQE) spectra for large-area (>1 cm?) organic
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thin-film, perovskite, as well as reference solar cells with distinct spectral responses. Among 20 participating laboratories, the
relative deviation in PCE of the samples reaches an unprecedented 111%. A comprehensive analysis identifies critical obstacles to
measurement accuracy, including total incident irradiance for the samples, EQE spectrum measurements for spectral mismatch

factors (SMM), temperature control, and methodologies for obtaining the J-V curves. Based on these findings, corresponding

recommendations are presented to enhance the accuracy of performance characterization for emerging solar cells.

1 | Introduction

Solar cells’ photovoltaic (PV) parameters, particularly the photo-
voltaic conversion efficiency (PCE), are critical in academic
research, commercial production, product applications, and mar-
ket promotion. For commercial PV technologies, such as mono-
crystalline silicon, copper indium gallium diselenide (CIGS), and
cadmium telluride (CdTe) solar cells and their modules, as well
as grid-connected systems, several internationally recognized
performance evaluation standards (e.g., IEC 60904 series, IEC
61215, and IEC 61853) [1-3] have been well-established.
However, these standards and measurement protocols may not
be precisely followed to meet the specific needs of emerging solar
cell technologies, such as perovskite solar cells (PSCs), [4, 5]
organic thin-film photovoltaics (OPVs), [6, 7] and dye-sensitized
solar cells (DSCs), [8, 9] in virtue of their new materials, diverse
architectures, and unique characteristics. Although several stud-
ies have provided explicit suggestions for performance character-
ization methods tailored to these new technologies, [10-21]
inconsistencies persist in measurement results across laborato-
ries. These inconsistencies should be attributed to variations
in equipment specifications, measurement procedures, and per-
sonnel training. That poses a significant challenge to achieving
international comparability of results and severely hinders the
development of emerging solar cell technologies [22].

The best approach to confirm the accuracy of PV parameters is to
have internationally accredited standard laboratories directly
verify device performance. However, this way has notable limi-
tations, such as restricted access to testing time at authoritative
laboratories and the logistical and financial constraints that

(a) OPV and PSC (b)

*Cell height from bottom = 3.5 mm

sample manufacturers might face. Consequently, verified sam-
ples are often limited to those with exceptional performance
(usually exceeding present PCE records) and adequate environ-
mental stability. To comprehensively and efficiently assess the
current status of many laboratories, facilitate collaboration,
and improve the accuracy and consistency of PV parameter
measurements, a more practical alternative is the implementa-
tion of round-robin interlaboratory comparisons [23-43]. This
approach enables an efficient and systematic evaluation of mea-
surement capabilities among multiple laboratories to promote
international consistency and support the advancement of solar
cell technologies.

In this round-robin interlaboratory study organized by the
Photovoltaic Efficiency Verification Laboratory (PVEVL) of
National Central University (NCU), Taiwan, accredited since
2017 based on ISO/IEC 17025, more than 50 participants from
20 laboratories were involved. Four large-area organic thin-film
(OPV-1 and OPV-2) and PSCs (PSC-1 and PSC-2) fabricated
according to the literature [44, 45] were used as the samples
for the measurements of current density-voltage (J-V)
curves under standard test conditions (STC; AM 1.5 global,
100mW cm™, 25°C) [1] and external quantum efficiency
(EQE) spectra. Moreover, the data of the commercial crystalline
silicon with an optical filter (c-Si+KG) and gallium arsenide
(GaAs) reference solar cells (RCs) were also compared to validate
the results and identify potential reasons for discrepancies among
the laboratories. The photographs (top and side views) and
detailed dimensions of the samples are summarized in
Figure 1. The OPV and PSC samples (Figure 1a) mounted on
black anodized aluminum sheets have identical dimensions

RC-1 (c-Si+KG) (c)

RC-2 (GaAs)

FIGURE 1 | Photographs and detailed dimensions of (a) OPV and PSC, (b) RC-1, and (c) RC-2 samples for round-robin interlaboratory

measurements.
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for convenient sample alignment. The four-wire (4W) configura-
tion terminals (output and sense) are fixed and labeled to improve
the consistency in the comparative results [35, 36, 46, 47]. The area
of the samples confined using an aperture of a black and low-
reflective metal mask to reduce undesired light reflection and dif-
fusion [35] is 1.015cm? significantly larger than other samples
commonly fabricated and characterized by academic research
groups. On the other hand, the area of the two RCs is 4 cm?.
The different sample areas (OPVs and PSCs vs. RCs) could help
assess the potential discrepancy of the J-V measurement caused
by the nonuniformity of irradiance. All the participants measured
the identical samples and used the same area to calculate the
short-circuit current density (J.) and PCE. The cables for connect-
ing the RCs with a source measurement unit and a temperature
sensor (Pt-RTD) are provided with the samples.

2 | Results and Discussion

The J-V curves of the six samples measured by the 20 laboratories
(the PVEVL and Lab-A ~ Lab S) under the STC are shown in
Figure S1. In this round-robin interlaboratory study, the
PVEVL tracked the evolution of PV parameters for all the sam-
ples (particularly the OPVs and PSCs) to mitigate the discrepancy
arising from the aging of the samples. Therefore, the reliability of
comparative results can be confirmed. The initial, midterm, and
final PV parameters, as well as the expanded measurement
uncertainty (coverage factor (k) of 2 for an approximate 95% con-
fidence level) obtained by PVEVL, are summarized in Table S1.
As presented in Figure 2, using the initial measurement data of
the PVEVL as the reference baseline, the interlaboratory compar-
ison of PCE for the samples reveals a maximum relative deviation
of up to 111%. This deviation is calculated as the relative differ-
ence between the lowest and highest values (-82% from Lab-F
and +29% from Lab-I). Surprisingly, the maximum deviation not
only surpasses the other interlaboratory comparisons for emerg-
ing PVs [25, 27, 28, 30, 32, 33, 35, 37, 41, 43] but also approaches
another round-robin test (maximum deviation of 152%) for
indoor low-intensity lighting conditions (using a compact T5
fluorescent light with an illuminance of 600 1x and a color tem-
perature of 6500 K as the light source) [36]. Notably, there is a
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FIGURE 2 | Relative deviation in PCE of the six samples between 20
laboratories. The data from the PVEVL were highlighted in light orange
columns to track the stability of the samples. In contrast, other data
labeled with letters (A ~ S) correspond to data measured by different
laboratories.

widespread underestimation of PCE across the laboratories.
Among the participants, seven laboratories (Lab-C, E, F, G, H,
K, and L) report considerably underestimated data (relative devi-
ation >30%), while three laboratories (Lab-A, I, and N) report sig-
nificant overestimations (relative deviation >10% for some of the
samples). For the organic thin-film (OPV-1 and OPV-2) and PSCs
(PSC-1 and PSC-2), the misestimations are more pronounced
when compared with the reference cells (RC-1 and RC-2).
These results highlight the challenges of accurately characteriz-
ing the performance of large-area emerging solar cells. Moreover,
it is noted that the results of the six samples measured by Lab-A
exhibit a systematic drift. In contrast, the deviation among the
others for all the samples is diverse. This implies that misleading
research directions and strategies may occur even if the research-
ers focus merely on the “relative comparisons of new solar cells”
to explore the potential of new materials or fabrication condi-
tions. In other words, the accuracy of PV parameters is crucial
not only to new PCE milestones but also to the demonstrations
of new materials and optimization procedures.

A detailed comparison of the PCE, J., open-circuit voltage (V,.),
and fill factor (FF) for the OPV and PSC samples (Figure 3) also
exhibits significant deviations. To mitigate the discrepancy aris-
ing from the aging of the OPV and PSC samples, the fitting lines
of the PV parameters measured by the PVEVL were included. As
presented in Figure 3a, the OPV samples show the maximum
PCE deviation reaching 100% (the relative differences range from
—71% to +29%), while the maximum deviation of the PSC sam-
ples is 96% (the relative differences range from —82% to +14%). It
is noted that the extent of PCE deviation significantly surpasses
the instability of the samples confirmed by the PVEVL (Table S1;
relatively less than —0.8% and —11.5% for the OPVs and PSCs,
respectively). In other words, the difference caused by the aging
of the samples is negligible. In some laboratories (e.g., Lab-A, I,
M, and N), the PCE data are overestimated primarily due to the
significantly higher J. (Figure 3b). Conversely, most of the lab-
oratories reported underestimated V. (Figure 3c). It is also noted
that the deviations in FF (Figure 3d) are generally much more
significant than those in J. and V,., where severe underestima-
tions are observed from the data of several laboratories (Lab-C, E,
F, G, H, K, and L). Similarly, as shown in Figure 3e, the compar-
ative PCE of the reference cells (RC-1 and RC-2) exhibits a maxi-
mum deviation of 61% (ranging from —47% (Lab-G) to +14%
(Lab-A)). The deviations in other PV parameters (Figure 3f-h)
are comparable with those of the OPV and PSC samples.

The correlations between PCE deviation and other PV parame-
ters (Js, Voo, and FF) are analyzed to diagnose the root causes
(Figure 4) quantitatively. The coefficients of determination
(R? between PCE and the other parameters are 50.9% (Ji),
17.2% (V,c), and 88.0% (FF) for all the samples. These results indi-
cate that the discrepancy in PCE is dominated by FF, followed
by Ji. and then V,.. The underlying systematic factors for each
PV parameter are discussed in the following to investigate the
potential causes. Additionally, the corresponding recommenda-
tions to improve the accuracy of performance characterization
are presented.

(1) Potential reasons affecting the accuracy of Jg.: Since all par-
ticipants used identical sample areas (OPV and PSC =1.015 cm?;
RC-1 (cSi+KG) and RC-2 (GaAs)=4cm’ in Figure 1),
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FIGURE3 | Relative deviationsin (a,e) PCE, (b,f) Jg, (c.g) Vo, and (d,h) FF of OPV, PSC, and RC samples between 20 laboratories. The data from the
PVEVL were highlighted in light orange columns, while other data labeled with letters (A ~ S) correspond to data measured by different laboratories. In

(a-d), the fitting lines are based on the PVEVL'’s data to mitigate the discrepancy arising from the aging of the OPV and PSC samples.
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FIGURE 4 | Correlation diagrams of PCE deviations between (a) Jy, (b) Vo, and (c) FF of the samples measured by 20 laboratories.

variations in Jg. should be mainly related to the following factors:
(a) Solar simulator performance: The specifications of the solar
simulator directly affect the accuracy of J;. measurements.
Among the criteria of spectral match, nonuniformity of irradi-
ance in the test plane, and temporal instability of irradiance filed
in IEC 60904-9 [48] for classifying solar simulator characteristics,
the nonuniformity should be noted particularly. This is due to the
designated area of OPV and PSC samples (2.9 cm X 0.35cm)
being distinct from that of typical RCs (2.0 cm X 2.0 cm). In addi-
tion to the periodic measurement of the nonuniformity, it is rec-
ommended that the averaged irradiance obtained from multiple
pixels matching the areas of samples and RCs should be used to
eliminate the difference in irradiance between them. After all,
the areas of emerging PV samples for academic research (usually
less than 1 cm?) might differ from those of RCs (typically 4 cm?).
(b) Lack of suitable RCs: Unlike widely commercialized PV prod-
ucts, the OPV and PSC samples used in this study do not have
standardized RCs showing precisely the same EQE spectra.
(c) Reference solar cell calibration: Differences in the type, usage,
maintenance, and calibration accuracy of RCs used for adjusting
and verifying the total irradiance of solar simulator output play a
significant role in the J-V curves measurements of PV samples.
As displayed in Figure S2a,b, the correlation of J,. deviation
between the emerging PVs and the two RC samples implies that

in the EQE spectra of RCs, the participants used to adjust the
total irradiance of their solar simulators should be closer to
RC-1 (c-Si+ KG) because of the coefficient of determination
(R*=60.3%) higher than RC-2 (GaAs; R*=46.4%). However,
the low R? suggests that the measurement procedures of some
of the participants should be adjusted, in addition to the recali-
bration of the RCs to validate the accuracy and traceability of
measurement results.

It is a fact that no solar simulator can precisely replicate the AM
1.5G standard spectrum [49]. Thus, the spectral mismatch factor
(SMM) filed in IEC 60904-7 [50] is essential for enhancing the
accuracy of J,. and other PV parameters. Furthermore, it is cru-
cial to emphasize that the J. corrected using the SMM is more
reliable than the cross-check with the value calculated from the
overlap integral [51] of the EQE spectrum with the AM 1.5G stan-
dard spectrum. The normalized EQE spectra of all samples are
thus compared to evaluate the participants’ capabilities for the
SMM. As displayed in Figure S3, five laboratories (Lab-F, H,
L, M, and S) could not provide EQE spectral data for comparison,
implying their inability to verify the accuracy of PV data indepen-
dently. Additionally, severe deviations are observed in the spec-
tral data from a few laboratories (e.g., Lab-E, G, and N), while
minor differences are present in the others. Due to the various
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wavelength intervals applied across the laboratories (ranging
from 1 to 50 nm), the centroid wavelength (1.) of all normalized
EQE spectra was calculated using Equation (1) [35] as a quanti-
tative method to evaluate the differences. The centroid wave-
length (A.), compared with the maximum wavelength (Ayax)
and onset wavelength (Aonse) commonly applied in academic
research, renders a more comprehensive representation of wave-
form differences in EQE spectra. This approach is a reliable met-
ric for assessing whether laboratories can accurately determine
the SMM, ultimately increasing the precision of PV parameter
measurements, particularly Jg.

[EQE(2) x 2dA

Ao = TEQE(2) dz

ey

It is worth mentioning that the PVEVL can measure EQE spectra
of all PV samples using diverse measurement configurations,
including direct current (DC), alternating current (AC), and
alternating current with white-biased light (AC + WB) modes
[35]. This capability helps identify unique characteristics of
emerging PV samples (such as nonlinearity and slow response)
that differ from the behaviors of single-crystalline silicon solar
cells. As presented in Figure 5, both OPV-1 and PSC-1, measured
using different measurement methods, exhibit variations in their
normalized EQE spectra, confirming their nonlinearity. These
data suggest that applying white-biased light (the AC+ WB
mode) in the measurements is crucial to ensure that the EQE
spectra can precisely represent the faithful performance of the
nonlinear responsive samples under the STC. That means the
EQE spectra of nonlinearly responsive samples should be mea-
sured under the desired operation level (similar or identical to
the AM 1.5G). If the white-biased light is not applicable due
to the limitation of equipment, varying the intensity of mono-
chromatic light using neutral density filters is recommended
as an alternative way to evaluate the nonlinearity of the samples.
As a result, the improved precision of SMM can contribute to the
accuracy of J-V curves and the corresponding PV parameters. As
summarized in Table 1, the nonlinearity of OPV-1 and PSC-1
results in . variations of up to *0.8nm for OPV-1 and
+3.1 nm for PSC-1, indicating that deviations within the ranges
should be mainly due to different measurement modes. In other
words, the scopes can serve as benchmarks for assessing the
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TABLE1 | Centroid wavelengths (4.) of normalized EQE spectra for
OPV-1 and PSC-1 measured by the PVEVL using various modes.

AC-97 Hz AC-13 Hz
Sample/ DC AC-97Hz  with WB with WB
Mode [nm] [nm] [nm] [nm]
OPV-1 610.7 610.4 611.0 611.2
PSC-1 565.6 564.9 568.0 565.8

accuracy and suitability of EQE measurement equipment and
parameter settings used by the participants.

Figure 6 presents deviations in the /. of all normalized EQE spec-
tra for the six samples, using the data of the PVEVL as the refer-
ence. Only Lab-D achieves 4. deviations within +3.1 nm among
the participating laboratories for all the samples. In contrast, sig-
nificant discrepancies exceeding +10nm are observed for the
specific samples measured by several laboratories. For example,
Lab-E and Lab-I showed substantial deviations in the A. of OPV-
1, while Lab-E, N, and P have similar issues in OPV-2. Notable
deviations in PSC-1 and PSC-2 are observed in Lab-E, O, P, and
N. Besides, Lab-E and G reported shifted /. in the cases of RC-1
and RC-2. These results reveal the urgent need for many partic-
ipants to fine-tune and reassess their EQE measurement systems.
Careful consideration should be given to light source stability,
monochromator dispersion, wavelength shifts, and the calibra-
tion of photodiodes (or RCs) used as external light detectors.

(2) Potential reasons affecting the accuracy of V,.: As shown in
Figure 7a, a comparison of V,. data for the six samples reveals
that most laboratories reported significantly lower values, partic-
ularly for PSC-1 and PSC-2. Considering the V,, variation of all
the samples, the maximum deviation reaches ~10% (Lab-H).
According to the literature, [46, 52-61] sample temperature sig-
nificantly impacts V,. measurements. In general, a higher sample
temperature will lead to a substantial underestimation of V..
This explains why the STC includes not only incident light spec-
ifications (AM 1.5G) but also a requirement to maintain the sam-
ple temperature at 25°C [1]. As shown in Figure 7b, the relative
temperature coefficients of V,. measured by the PVEVL for
OPV-1, PSC-1, RC-1, and RC-2 are ca. —0.12, —0.20, —0.38,

(b) 1.0 1
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FIGURE 5 | Normalized EQE spectra of (a) OPV-1 and (b) PSC-1 measured by the PVEVL using various modes.

50f 11

85UB01 SUOWWOD SAIERID 3(dedl|dde au Aq peusenob aJe sooile VO ‘88N JO S9|NJ 10) ARIq1T 8UIUO A8]IAA UO (SUOTIPUOD-PUE-SWLS) 00" A8 | IM A Iq 1 jBulJuO//:SANY) SUORIPUOD Pue sWs 1 841 88S *[5202/0T/02] Uo Ariqiauliuo Ae|im ‘Aisieniun Bung Bueyd Aq 885005202 110S/200T 0T/10P/L0o™A8|imAreiqjpuluo//Sdny woiy papeojumoq ‘0 ‘X86T.9EC



- L 40
9] OPV-1 4> "1 ()
= 64 | 'g
< <
£ 'S P a0
s =31 nly nl S
8 -6 r-20 8
-9 I n ]
ABCDE FGEH1JKAINOPQRE |-40
A> 3 40
9{ PSC-1 — A (c)
E 61 AA> 20 E
£ ;] - £
o 1 o
< 2 A A <
£ 0 AA A T 1] = al? =
. <3 A :
3 A2 A L.20 @
8 5 P m— S
ABCPDE FefitJIkBINoPQRE |-40
. ‘ L4
o] RC-1 o> e [*
! i gl T
= 64 | fg
E 3 S I N S S N S S N [ S N A A =6 5
o r<°
< o0fe Seter—er0 ¢
;e | :
8 6 .v.. .' ‘ -20 8
-9 |
ABCDE Fc@iJkAINoPQRE f-40

‘ - L 40
94 OPV-2 o F(b)
= 64 | | i fg
E 5] } ] I 20 £
~ I [J *> @ o
a <
P = < ! 0 =
3 e ¢ s 2 3
| -
a -6 ‘ 1 — (=]
9 ‘ | | Py |
ABCDE [FGHIJKAINOPQRE F-40
, L 40
9] psc2 ¥ | (d)
T 6 _‘ 120 E
£ 3] > =
<0 (-
= 3] ;
-9 . i I
ABCDE FGH1JKATINOPQRE F-40
T T L 40
9] RC2 (f)
= ¥ ! x> >
<
£ ¢ | d [ 11 h £
. =3 1 >
g o] 20 8
. s el
ABCDE FGEt+Jk[ENINoPQRE f-40

FIGURE 6 | Deviations in centroid wavelength (4.) of all normalized EQE spectra for (a) OPV-1, (b) OPV-2, (c) PSC-1, (d) PSC-2, (¢) RC-1, and
(f) RC-2. The data from the PVEVL were highlighted in light orange columns. The other data labeled with letters (A ~ S) correspond to data measured by
different laboratories, in which Lab-F, H, L, M, and S, labeled in white, indicate the unavailability of the EQE spectra for comparison.

and —0.19%°C ™, respectively. On the other hand, the correlation
of V,. deviation between the emerging PVs and the two RC
samples (Figure S2c,d) shows that the V,. of PSC samples is
underestimated to a greater magnitude than that of OPVs.
The comparable coefficients of determination (R*=57.2%
and 54.9%) imply that most participants might not precisely con-
trol the temperature of the two RC samples through the inte-
grated Pt-RTD temperature sensors. These results suggest that
sample temperature should be carefully monitored and con-
trolled for performance characterization, especially for PSC
samples in this study exhibiting both activation and hysteresis
[16, 17, 57, 59, 60, 62] phenomena in their J-V characteristics.
This is because continuous illumination is inevitably required
in the measurements for such samples to reach a metastable
state. Besides, extending the measurement duration (i.e., reduc-
ing the scan rate) is a popular strategy to minimize deviations
caused by the hysteresis. Without appropriate temperature con-
trol, the sample temperature will easily exceed 25°C during con-
tinuous exposure to simulated sunlight. The rise in sample
temperature would be especially problematic for PSCs, eventu-
ally resulting in an underestimated V. Precise thermal manage-
ment of samples using a temperature-programmable stage, a
T-type (or K-type) thermocouple or a Pt-RTD temperature sen-
sor, and a periodically calibrated thermal monitor is thus recom-
mended to improve the accuracy of V,. As demonstrated in
Figure S4, the OPV/PSC sample mounted on a black anodized
aluminum sheet should be fixed adequately on a temperature-
programmable stage. For the temperature monitor and control
of the sample, a T-type thermocouple could be used (to contact
with the non-conductive aluminum sheet), and a thermal pad

should be inserted between the thermocouple and the stage
for better thermal conduction. Finally, a light-shielding cover
should be placed at the top to eliminate undesired light reflection
in J-V measurements.

(3) Potential reasons affecting the accuracy of FF: As shown in
Figure 7c, Lab-C, E, F, G, H, K, and L reported substantial under-
estimations of FF for all samples (especially OPVs and PSCs),
with relative deviations exceeding 20%. This underestimation
is a dominant factor in these laboratories’ significantly low
PCE values (Figures 2 and 4c). On the other hand, the FF of
PSC samples measured by Lab-B, I, J, N, O, P, Q, R, and S show
deviations exceeding 10%. According to the Shockley solar cell
equations, [63-65] an increase in sample temperature above
the standard condition of 25°C not only leads to underestimation
of V,. but also tends to produce significantly lower FF values.
However, as presented in Figure 7d, the relative temperature
coefficients of FF measured by the PVEVL for OPV-1 and
PSC-1 are ca. 0.09 and 0.32%°C™". In contrast to the coefficients
of RC-1 (—0.10%°C™*) and RC-2 (-0.07%°C™"), the positive ther-
mal dependence of OPV-1 and PSC-1 should be attributed to the
decrease in interfacial resistance between the heterojunctions
and the intrinsic increase in conductivity of the materials under
rising temperature [61]. These results indicate that other factors
beyond the temperature coefficients result in the underestimated
FF for the OPVs and PSCs.

To explore the causes of substantially underestimated FF, the
PVEVL conducted additional measurements using OPV-1 and
PSC-1 samples to compare the PV parameters obtained via
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two-wire (2W) and 4W methods. As shown in Figure 8, regardless
of sample type, the 2W method consistently produced significant
underestimations of FF, along with lower V,. and Jg. values. This
scenario results from the fact that the 2W measurements are
greatly affected by the resistance of connecting wires and para-
sitic resistance inside the measuring samples and source mea-
surement units. Moreover, these resistances induce voltage
drops (IR drops) that become more pronounced in larger-area
samples showing high output currents. Based on this and
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FIGURES8 | J-Vcurvesof OPV-1and PSC-1 measured using two-wire
(2W) and four-wire (4W) methods.

previous reports, [35, 36, 46, 47] the OPV and PSC samples used
in this study were equipped with four fixed electrodes for con-
nections, explicitly labeled with polarity (+/—) and output/sense
terminals (Figure 1) to improve measurement consistency.
However, as summarized in Table 2, the relative deviations in
FF for OPV-1 and PSC-1 are up to —59.7% and —40.9%, respec-
tively. These deviations and the shapes of J-V curves (Figure S1)
closely align with the extent of the underestimated FF reported
by Lab-C, E, F, G, H, K, and L. Furthermore, the correlation of FF
deviation between the emerging PVs and the two RC samples
(Figure S2e,f) shows that the FF of OPV samples is more under-
estimated than that of PSCs, which should be due to the current
of the former samples being higher than that of the latter cases
(Figure 8). Compared with the coefficient of determination based
on RC-2 (R* = 42.5%), the larger coefficient for RC-1 (R> = 59.0%)
should be attributed to the fact that the FF is closer to those of the
OPVs and PSCs (Table S1). These results indicate that the severe

TABLE2 | Relative deviation in PV parameters of OPV-1 and PSC-1
measured with different methods (2W vs. 4W).

Sample®  J.. [%] Vo [%] FF[%]  PCE [%]
OPV-1 -15 -1.1 —59.7 —60.8
PSC-1 -1.8 -9.1 —40.9 —47.3

“The relative deviations are calculated using PV parameters from the 4W
method as the standard.
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FF underestimations reported by the participants should be
caused by limitations in measurement equipment (e.g., using
only a potentiostat to measure J-V curves) or inadequate person-
nel training (e.g., failure to set the measurement mode), resulting
in reliance on the 2W method. To address this issue, proper
source measurement units and the 4W configuration must be
applied in the measurement, particularly for large-area PV sam-
ples showing high output currents.

As aforementioned, it is found that the PSC samples used in this
study exhibited both hysteresis and activation phenomena. To
eliminate the hysteresis and ensure the accuracy of PV parame-
ters for PSC samples, the following four techniques have been
proposed [21]: (1) conventional J-V measurement using contin-
uous voltage sweep with longer sampling delay time (Td), (2)
acquisition of stabilized current at a fixed voltage approaching
maximum power point voltage (Vmax), (3) maximum power

point tracking (MPPT) for stabilized output power, and (4)
dynamic J-V technique to held samples at specific voltages for
a long while. A comparison of the advantages and disadvantages
of these techniques is summarized in Table 3.

In this study, most participants used the technique (1) for con-
venience. However, as illustrated in Figure 9a (using PSC-1 as an
example), insufficient Td (e.g., 10 ms) applied with the forward
scan mode (from low voltage near J. to high voltage near V,,) for
the J-V curve measurements led to ~—6% FF deviation and +2%
Js. deviation. Therefore, a longer Td (such as 30 s) is strongly rec-
ommended to obtain the stabilized and faithful PV parameters.
As the data provided by the PVEVL (Figure S1) using the tech-
nique (4), the holding voltages could be limited to the points near
Jse, maximum output power (Pmax) density, and V. for saving
measurement time. Furthermore, as displayed in Figure 9b, pre-
conditioning of the PSC-1 sample using the continuous

TABLE 3 | Comparison of various J-V measurement techniques.
# Technique Advantages Disadvantages
1 Conventional J-V measurement (a) Simple for labs. (a) Time-consuming for measuring

(b) Longer delay time (Td) could reduce
capacitive effects and yield stable values.

2 Stabilized current acquisition at a
fixed voltage near Vi«

3 Maximum power point tracking
(MPPT)

(a) Relatively quick to implement.
(b) Directly yields a stabilized current to
validate the maximum power point.

(a) Provides steady-state output power
and PCE.

many data points.
(b) Might not completely mitigate the
hysteresis of PSCs.
(a) Lacks a full J-V curve for PV
parameters.

(b) Sensitive to the selected voltage,
which might shift during measurement.
(a) More sophisticated instrumentation

and longer measurement time.

(b) Considered the most reliable method for (b) The precision highly depends on the

device performance characterization.

4 Dynamic J-V technique (holding at
specific voltages for extended times)

(a) Probes transient and steady-state
behaviors at selected voltages.
(b) Useful for studies of hysteresis, ion
migration, and stability.

algorithm used for tracking.

(a) Needs careful choices of voltages and
hold times.
(b) Might accelerate the degradation of
samples due to prolonged bias stress.
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FIGURE 9 | (a) Relative deviations in PV parameters of PSC-1 measured with various sampling delay times and different sweeping directions

(forward scanning from low voltage near Jg to high voltage near V,,, and the reverse way). (b) Relative variations in PV parameters of PSC-1 under

continuous irradiation of simulated sunlight and sample temperature at 25+ 1°C.
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irradiation of simulated sunlight (light-soaking) for at least 2h
should be required to achieve the metastable state; otherwise,
an underestimation of FF by ~6% and a deviation in J. of around
+1% might be obtained. The increased FF upon the continuous
light-soaking might be due to the improved defect passivation or
the built-in potential induced by ion migration. [66-69] It is
worth highlighting that the optimal preconditioning for various
PSCs could be varied and unpredictable because of the diverse
materials and nanoscopic features. Therefore, the timely tracking
of the evolution of PV parameters (with rapid and successive J-V
measurements) for each PSC sample under continuous light-
soaking should practically be the best practice to alleviate the
measurement errors caused by the activation.

3 | Conclusion

This round-robin interlaboratory comparison highlights the crit-
ical challenges in accurately characterizing the performance of
large-area OPVs and PSCs. The unprecedented 111% relative
deviation in PCE measurements among the 20 laboratories sug-
gests the urgent need for standardized characterization protocols
and improved accuracy in key measurements. Specifically, (1)
EQE spectrum measurements using AC+ WB mode and a
precisely calibrated external light detector, calculation of
SMM, periodic calibration of RCs, and the averaged irradiance
from multiple pixels are recommended to improve the accuracy
of total incident irradiance and J. for various PV samples, (2)
precise temperature control of samples using a temperature-
programmable stage, thin-film T or K-type thermocouple (or a
Pt-RTD temperature sensor), and a periodically calibrated ther-
mal monitor is essential to improve the accuracy of V., and (3)
4W measurement methods to reduce IR-drops, the extended sam-
pling delay time for obtaining J-V curves, and continuous light-
soaking of samples combined with timely tracking the evolution
of PV parameters under controlled temperature to reach a meta-
stable state are recommended for accurate FF, in particular for
PSC samples showing hysteresis and activation. These recom-
mendations proposed for the performance characterization can
enhance measurement reliability and reproducibility to fairly
rank new materials and techniques for advancing the research
and application of emerging PV technologies.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: J-V curves of the six samples
(a) OPV-1, (b) OPV-2, (c) PSC-1, (d) PSC-2, (e) RC-1, and (f) RC-2 mea-
sured by the 20 laboratories (the PVEVL and Lab-A ~ Lab S) under the
standard test conditions (STC). Supporting Fig. S2: Correlation dia-
grams of (a,b) Jsc, (c,d) Voc, and (e,f) FF deviations between emerging
PV samples and RC-1 (c-Si + KG) and RC-2 (GaAs). Supporting Fig. S3:
Normalized EQE spectra of the six samples (a) OPV-1, (b) OPV-2,
(c) PSC-1, (d) PSC-2, (e) RC-1, and (f) RC-2 measured by the PVEVL
and other participants. Supporting Fig. S4: Photos of (a) the OPV/
PSC sample fixed on a temperature programmable stage with the
four-wire connection for J-V measurements and a T-type thermocouple
inserted between the sample and a thermal pad for monitoring and con-
trolling the temperature of the sample, and (b) a lightshielding cover
placed at the top to eliminate undesired light reflection in J-V

measurements. Supporting Table S1: Initial, midterm, and final photo-
voltaic parameters and the expanded measurement uncertainty (coverage
factor (k) of 2 for an approximate 95% confidence level) of the samples
obtained by the PVEVL.
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