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Device Performance of Emerging Photovoltaic Materials
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Takao Someya, Eva Unger, Lidice Vaillant-Roca, and Christoph J. Brabec*

Following the 3rd release of the “Emerging PV reports”, the best achievements
in the performance of emerging photovoltaic (e-PV) devices in diverse e-PV
research subjects are summarized, as reported in peer-reviewed articles in
academic journals since August 2022. Updated graphs, tables, and analyses
are provided with several performance parameters, such as power conversion
efficiency, open-circuit voltage, short-circuit current density, fill factor,

light utilization efficiency, and stability test energy yield. These parameters

are presented as a function of the photovoltaic bandgap energy and the
average visible transmittance for each technology and application, and are put
into perspective using, for example, the detailed balance efficiency limit. The
4th installment of the “Emerging PV reports” discusses the “PV emergence”
classification with respect to the “PV technology generations” and “PV research
waves” and highlights the latest device performance progress in multijunction

1. Introduction

The emerging photovoltaic (e-PV) de-
vices (see Table 1)['3] show promise
for providing cheaper, cleaner, and more
versatile scalable electricity generation,
as an alternative and/or complement
to traditional photovoltaics (PVs), such
as silicon and thin film devices from
first and second PV technology gener-
ations, respectively*l Among the e-PV
devices, the heterostructure architecture
has emerged as the most successful ap-
proach with absorber materials includ-
ing, for instance, perovskites, polymers,
dyes, kesterites, or matildites. How-

and flexible photovoltaics. Additionally, Dale-Scarpulla’s plots of efficiency-
effort in terms of cumulative academic publication count are also introduced.

ever, optimizing these devices for higher
power conversion efficiency (PCE), sur-
face area, and performance durability has
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been challenging; both because of the complexity of the device
interfaces or the intrinsic properties of the e-PV materials. There-
fore, it has not been until recently that e-PV research equaled, if
not surpassed, the research attention of traditional PVs. A com-
parison of academic publication trends supports this shift: from
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a mere handful of publications in the 1980s to nearly ten thou-
sand annually by 2010 (see Figure 1a). On the one hand, it is no-
ticeable that the number of annual publications on perovskite
and organic solar cells is twice more each than that of silicon
solar cells. However, despite this momentum, these e-PV still
face obstacles, particularly in terms of stability, and only ~#10% of
the research in the field addresses the instability challenge (see
Figure 1b). Hence, questions arise regarding the time and cumu-
lative efforts required to fully realize the potential of those e-PV
technologies.

Versatility is one of the main attributes of e-PV, as the PCE
increase for large-scale grid-connected electricity production is
not the only research target. Interest in potential applications
such as flexible, transparent and integrated photovoltaics has also
been increasing during the last decade. This can similarly be il-
lustrated by analyzing the percentage of annual publications that
include. For instance, topics like flexibility and transparency are
featured in ~4-8% of recent publications (see Figure S1, Support-
ing Information). However, unlike PCE results, that can be certi-
fied by several international institutions, a standardized quantita-
tive evaluation and certification of other relevant aspects of e-PV
devices, for proper validation and comparison, is still a work in
progress.

Digital data management is another challenge that is common
in the modern science context in general. The increase in dig-
ital journals with faster publication rates has occurred in par-
allel, and arguably contributed, to the overall increase in aca-
demic publications in the e-PV field during the last decade. Con-
sequently, while the benefits of broader data-sharing coverage are
acknowledged, the identification of state-of-the-art results with-
out further and proportional assistance is time-consuming and
even ineffective, either during the investigation or throughout
the peer-review process. For instance, one could argue that the
greater the number of publications, the more likely it is to find
published works claiming a new record efficiency, in some sub-
category, which in fact does not beat previous results. Conse-
quently, there is a growing awareness for better systems and
routines for data dissemination. Additionally, the need for better
antiplagiarism checks, reproducibility tests, and data coherency
verifications is required not only by the faster rates of informa-
tion production but also due to the newer modalities, such as
the advent of the artificial intelligence algorithms. In this con-
text, the emerging PV initiative,l’] with its accompanying web-
site and database aspires to establish an international framework
and benchmarking for systematic data collection, presentation,
and analysis as a reference for best practices and state-of-the-art
reports.
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Table 1. Summary of approaches to classify PV technologies and concepts based on their age, technology readiness as well as cost and efficiency potential.

Abbreviations can be found in Tables 2 and 3.

15t Wave

Homojunction
junction bulk
devices

PV Research Waves

Si

Established

Mostly commercially available with X MW
installation

ePVr

Si, a-Si, CdTe, CIGS

15t Generation

Si

PV Technology
Generations*

4th or next Wave

¥ 2nd generation PV technology considered in the original definition by M. Green!'"] in the decade of 2000’s, with fabrication methods based on vacuum processing as typical
characteristic; ” The so-called solution-based thin film devices and/or emerging thin-film devices are here 2nd generation, prioritizing the thin-film criterium when adapting

the 2020’s decade realityl 3] to the original 2000's concept.!"]

The state-of-the-art achievementsin e-PV devices, as reflected
in academic publications detailing top-performing devices in the
research of e-PV devices have been systematically parameterized
and reported since 2020 through the annual emerging PV re-
ports (e-PVr),[13] of which this is the fourth version. Herein, the
performance data of the best e-PV devices are listed in compre-
hensible tables (e.g., see Green et al.).l Furthermore, the values
are put into perspective by comparing the devices with respect to
bandgap energy of the absorber material, number of device junc-

tions, application class, and performance stability. Notably, we list
and display the performance parameters for each technology and
compare the experimental data to the corresponding theoretical
limit in the detailed balance (DB)/"~! model.

In this article, the updated graphs and tables of the best-
performing research photovoltaic cells are presented with the lat-
est reports since August 2022. In the plot representations (Sec-
tions 2-5), older and newer values are displayed with lighter
and darker dot colors, respectively. Similarly, in the tables, new
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Figure 1. Annual academic research publications over time a) in absolute count for several photovoltaic technologies, as indicated, and b) corresponding
percentage of those studies that include stability/degradation in the organic/hybrid material-based solar cells. In (a), the blue and yellow background
regions indicate the total publication counts for traditional and emerging photovoltaics, respectively. The data corresponds to Clarivate’s Web of Science

as of August 2023 (see search terms in Table S1, Supporting Information).
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Equation

Definitions and comments

Refs.

VocJsc-FF

Pin

_ Pour _
PCE—p, =

in

Am
h
(-£5)

c g
T+exp[x T ]

EQE =

Jsceoe = % J EQE(A)AT gy 56(4) dA

pcereal Jrealyreal  ppreal

EDBL = “— = Jideal yidea] rideal

/T PA) Tam15G (A)d4
AVT = &———— AMI0 1
v J P(4) Tam 56 (A)d4

LUE = AVT - PCE
PBCC = EQE(A) + T(4) + R(4)

out

At At
Ey, = 0/ P, di = 0/ P,, PCE dt

PCE(r)—PCE(0]
DR,, = FEEPCED)

PCE, power conversion efficiency; P,,,, output power density, P;,,
incoming power density; V,, open-circuit voltage; /.., short-circuit

current density; FF, fill factor

Procedure to determine E, from the EQE(4) spectrum: EQE, external
quantum efficiency; 4, wavelength; A, maximum EQE value just
above the bandgap absorption threshold; h, Planck’s constant; c,

speed of light; E;, photovoltaic bandgap energy; 4;, sigmoid
wavelength width parameter (EQE onset quality wavelength), k =
In[7+41/3]~2.63, dimensionless coefficient related to the second
derivative of the sigmoid.

Jsereqes short-circuit current density as integrated from the EQE for the
standard 1 sun illumination intensity AM1.5G spectrum Iyy; s¢

2

(typically in units of W m~2 nm~1); q is the elementary charge.

EDBL, experiment-to-detailed-balance limit ratio, the “real” superscript
refers to the experimental values; the “ideal” superscript refers to the
theoretical limit of each performance parameter as in the
detailed-balance models,|”#21 e.g., the highest efficiency for a single
junction cell with absorber material of bandgap energy E ata
temperature T,_ under a spectral irradiance I'. The proper application
of a detailed- balance performance limit model on an experiment
implies EDBL< 1.

AVT, average visible transmittance; T, transmittance; P, photopic
response of the human eye.
LUE, light utilization efficiency

The photon balance consistency check implies PBCC< 1

At, operational stability test time; E, ,, operational stability test energy

yield (STEY) for a test of duration Az; t, time; STEY is taken for 200 h
and 1000 h of stability tests as E,gy, and E;ggg,, respectively.

DR, ., effective overall degradation rate for an operational stability test
of duration Az; DR,yg, and DR gy, are taken as the overall

D

(9]

(22]

(23]

(24]
(23]

L

L

degradation rates for 200 h and 1000 h of stability tests, respectively.

entries are emphasized in bold (Section 7). The following sec-
tions not only describe the updated plots and tables collected in
our database but also highlight and discuss the most relevant and
recent achievements in each category. Additionally, we provide
comments on general trends and progress in the field during the
last year.

1.1. Data Inclusion Criteria, Definitions and Emerging-pv.org

Consistent with previous e-PVrPl to be considered for these
surveys, the data must meet a few specific criteria: the data
should be published in a peer-reviewed academic journal and fea-
ture a proper “Experimental Section” that allows experimental
replication. Moreover, it should provide essential data for self-
consistency checks. With respect to the PCE values, both the
current density-voltage (J-V) curve measured under standard
conditions and the external quantum efficiency (EQE) spectra
should be presented and should be consistent, insofar that the
short-circuit current density (J,.) determined from both methods
should not differ by more than 10%./1% Reporting 5 min of maxi-
mum power point (MPP) tracking is encouraged, particularly for
perovskite solar cells (PSCs).

Adv. Energy Mater. 2024, 14, 2303173 2303173 (4 0‘F39)

For flexible and transparent/semitransparent devices, evi-
dence of the bending radius and the explicit transmittance (1)
spectra are required, respectively. In the case of operational stabil-
ity test results, the published manuscript should clearly state both
the initial and final efficiencies before and after 200 or 1000 h are
expected to be specified in the published manuscript. For multi-
junction devices, only two-terminal (monolithic) devices with up
to three junctions are considered in the current version of the
reports. For those devices, analogous data/details on the devices
should be provided with particular attention to the materials and
EQE spectra of each sub-cell.

Articles lacking some of the mandatory requirements to be
included in the e-PVr could still be considered, provided an ex-
tended or additional supporting information document be posted
on the emerging-pv.org website.’) A more in-depth discussion
on the accuracy, performance parameters, exclusion criteria, and
tiebreak rules is found in previous e-PVr!'3l and within Sections
S1.5-S1.6 (Supporting Information).

The subject of emergence labeling and its relation with the
PV technology generations and research are summarized in
Table 1. While PV generations, as defined by M. Green,['!] have
focus on the industry-oriented technological aspects, the herein

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 3. Abbreviations for PV technologies or material families (adapted from the e-PVr version 3).[3]

Abbreviation

Meaning and comments

AgBiS
a-Si:H

CdTe

CIGS

CIGS/DSSC
CIGS/perovskite
CiGS/AlGaAs/GalnP

CZTS

DSSC
DSSC/perovskite
GaAs
GaAs/GalnP
GaAs/perovskite
GaAs(In,Bi,AlP)

nc-Si/a-Si

nc-Si/nc-Si/a-Si

OoPV
OPV/a-Si
OPV/perovskite

PSC

Sbs

Si

Si/DSSC
Si/GaAsP
Si/GalnAsP/InGaP

Si/perov/perov

Si/perovskite
TLSC

AgBiS,-based single junction photovoltaic cells, the so-called matildite solar cells.

Amorphous silicon single junction photovoltaic cell; for representation purposes, a-SiGe:H-based single junction cells
are exceptionally considered within this abbreviation.

Cadmium telluride single junction photovoltaic cell

Culn,Ga,,,Se,-based single junction photovoltaic cell

Monolithic/2-terminal tandem photovoltaic cell: Culn,Ga,,Se,-based bottom sub-cell and dye sensitized top sub-cell
Monolithic/2-terminal tandem photovoltaic cell: Culn,Ga,,Se,-based bottom sub-cell and perovskite-based top sub-cell

Monolithic/2-terminal triple junction photovoltaic cell: Culn,Ga,,Se,-based bottom sub-cell, AlGaAs-based middle
sub-cell and GalnP-based top sub-cell

Cu,ZnSn(S,Se),-based single junction photovoltaic cell

Dye sensitized single junction photovoltaic cell

Monolithic/2-terminal tandem photovoltaic cell: dye sensitized bottom sub-cell and perovskite-based top sub-cell
Gallium arsenide single junction photovoltaic cell

Monolithic/2-terminal tandem photovoltaic cell: GaAs-based bottom sub-cell and GalnP-based top sub-cell
Monolithic/2-terminal tandem photovoltaic cell: GaAs-based bottom sub-cell and perovskite-based top sub-cell

Monolithic/2-terminal triple junction photovoltaic cell including GaAs and no other material family specified in this table.
For example: InGaAs- or GaAsBi-based bottom sub-cell, GaAs-based middle sub-cell and GalnP- or AlGaAs-based top
sub-cell

Monolithic/2-terminal tandem photovoltaic cell: nanocrystalline or microcrystalline Si bottom sub-cell and amorphous Si
top sub-cell

Monolithic/2-terminal triple junction photovoltaic cell: nanocrystalline silicon-based bottom and middle sub-cells, and
amorphous silicon-based top sub-cell

Organic photovoltaic material-based single junction photovoltaic cell
Monolithic/2-terminal tandem photovoltaic cell: organic-based bottom sub-cell and amorphous silicon-based top sub-cell

Monolithic/2-terminal tandem photovoltaic cell: the bottom and top sub-cells are organic- and perovskite-based,
respectively or vice versa.

Perovskite single junction photovoltaic cell

Sb, (S,Se);-based single junction photovoltaic cell

Monocrystalline or polycrystalline silicon single junction photovoltaic cell, including homo- or heterojunction structures.
Monolithic/2-terminal tandem photovoltaic cell: Si-based bottom sub-cell and dye-sensitized top sub-cell
Monolithic/2-terminal tandem photovoltaic cell: Si-based bottom sub-cell and GaAs,_,P, -based top sub-cell

Monolithic/2-terminal triple junction photovoltaic cell: silicon-based bottom sub-cell, GalnAsP-based middle sub-cell,
and GalnP-based top sub-cell

Monolithic/2-terminal triple junction photovoltaic cell: Si-based bottom sub-cell and perovskite-based middle and top
sub-cells

Monolithic/2-terminal tandem photovoltaic cell: Si-based bottom sub-cell and perovskite-based top sub-cell

Transparent luminescent solar concentrator, including a light guide, luminophore, and mounted solar cell(s).

introduced PV research waves are majorly concentrated on the
research side of development. Somewhere in the middle, e-PVr’s
emergencell 3] criteria attempt to balance both perspectives. For
the established PVs, the main criterium relates to commercial
availability. For emerging PVs, a distinction is made between “de-
vices and technologies” and “materials and concepts”. Devices
and technologies are stand-alone structures with potential to be-
come established technologies that can be characterized using
the device-relevant concepts in Table 2. Different emerging PV
technologies and devices, as listed in Table 3, are classified attend-
ing to the e-PV material, or material family, and/or fundamental
device design (e.g., single junction or multijunction cells). The e-
PV “materials and concepts” are research approaches designed
as complementary strategies for optimizing the device perfor-

Adv. Energy Mater. 2024, 14, 2303173 2303173 (5 Of39)

mance of the e-PV devices, e.g., additives and optical managing
structures. Notably, similar to the PV research waves, other def-
initions on PV research/technology generations have also been
proposed.[12-18]

The equations, definitions, and useful references already pre-
sented in the previous e-PVrl3l and updated in the current ver-
sion are summarized in Table 2. Meanwhile, Table S2 (Support-
ing Information) reviews the minimal details to include in a re-
search article to be considered in an e-PVr. Notably, we here em-
phasize the use of the definition of the photovoltaic bandgap en-
ergy as the inflection point of the absorption threshold of the
EQE spectrum.['2°] This definition not only characterizes the
operational response of the entire device (rather than an inde-
pendent absorber layer or a combination of sub-layers), but also

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Highest efficiency single junction photovoltaic cells. Performance parameters as a function of effective absorber bandgap for different photo-
voltaic technologies: PCE (top) V. (bottom left), FF (bottom center), and J,. (bottom right). Experimental data are summarized in Section 7.1, with the
lighter and more opaque dots corresponding to reports before and after August 2022, respectively. The solid lines indicate the corresponding theoretical

detailed-balance efficiency limit.[?°]

provides a framework for comparing different emerging tech-
nologies, specially where a single optical bandgap energy is not
directly defined,! such as in organic photovoltaics.

Following the previous e-PVr,3! each section showcases the
best performing cells as reported in the literature, grouped by
different technologies or material families. The corresponding
abbreviations are listed in Table 3. Importantly, for multijunction
PV cells we define the top sub-cell as the one that receives the to-
tal incident photon flux and generally has absorber material with
the highest value of bandgap energy (E, ,,,) compared to the other
sub-cell(s). Similarly, the bottom sub-cell is the one receiving the
residual and smaller fraction of the filtered incident photon flux,
and generally has the absorber material with the smallest value
of bandgap energy (E, ouom) in the stack. For two-junctions cells,
or tandem devices, only the top and bottom sub-cells exist. That
is in contrast to triple junction cells, where a middle sub-cell is
sandwiched between the top and bottom sub-cells, and which
typically has an absorber material with a bandgap energy (E,,.4)
whose value is between those of E, ..., and E, ...

The Emerging-PV website and databasel®! have shown signif-
icant advancement during the last year, not only as the recom-
mended data collection and visualization tool for the e-PV initia-
tive, but also as an implementation framework for the definitions
in Tables 2 and 3. The main progress since August 2022 includes
the extension of data analysis from single to multi-junction de-
vices and the automatic calculation of AVT and LUE (see Equa-
tions 5 and 6) for transparent and semitransparent devices. These
functionalities add to the already established calculation of PCE,

E,, Jspqu, and EDBL (see Equations 1-4).

Adv. Energy Mater. 2024, 14, 2303173 2303173 (6 0‘F39)

2. Highest Efficiency Photovoltaic Cells

2.1. Single Junction Devices

The top efficiency single junction research cells are plotted in
Figure 2 as a function of the PV bandgap. This is presented along-
side the detailed-balance theoretical efficiency limit,!”! which for
a single junction assumes radiative emission from both the front
and the rear side of the photovoltaic cell.l?*} Notably, the new en-
tries in the database are highlighted in more opaque colors.

Overall, most of the new record devices are either PSCs or
OPVs, although a notable number of CZTSs have also emerged.
In terms of material composition, and the consequent variation
in the absorber bandgap energy value, most PSCs and OPVs with
the highest efficiencies were reported with a cluster-like behavior
in Figure 2 #1.5-1.6 and 1.35-1.45 eV, respectively.

For PSCs, this clustering may suggest a decrease of inter-
est, breakthroughs, reproducibility issues and/or or fundamental
physical problems for the development of some branches within
the field, such as narrow bandgap lead-free (E, <1.5 eV) and wide
bandgap iodide-free (E, >2.2 eV) devices. On the other hand, the
consistent reproduction of PCE reports over 24% remains a trend
for devices utilizing lead-based perovskites mostly composed of
formamidinium, methylammonium, and iodide. Those compo-
sitions often also include cesium and bromide 5% of their re-
spective cations and halide anions stoichiometries.

For OPVs, the polymer PBDB-T-2F (PM6) continues to be the
most recurrent donor in both binary and ternary blends, includ-
ing those with non-fullerene acceptors, in cells with PCE >19%.
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Figure 3. DB efficiency limit on the a) entire PCE data from Figure 2 showing the relative efficiencies with respect to the theoretical limit and b) logarithmic
loss analysist3'l for the top efficiency cell of each technology, as defined by Equation (4). The time evolution of PCE is shown in the bottom panel over
c) time, d) cumulative publication count, and e) as output power with respect to the cell area. The legend is as that of Figure 2, where opaque and light
symbols indicate reports before and after August 2022, respectively. The solid lines in (c) contain the data from NREL's “Best research-cell efficiency
chart.[3¥] The publication count in d) was taken from Clarivate’s Web of Science, and the grey dotted line indicates the empirical law PCE = 6Log(x),
where x is the publication count. The dash-dot line in e) is the efficiency isoline for PCE = 25%.

Similarly, we highlight the Y-series acceptor molecules as
one of the most frequently employed among top efficiency
devices.

Among the new PSCs entries, a new absolute certified record
with an efficiency of 26.0% was reported in the tables pub-
lished by Green et al.l’] However, this entry does only include
the performance parameters and the EQE spectrum, without fur-
ther information. Noteworthy is the work by Shi et al.l?8] who
achieved 25.4% (25% certified) with a formamidinium lead io-
dide (FAPDI,)-based solar cell and, Zhang et al.’”] who reported
a 25.2% efficient (25.1% certified) inverted device. In Shi et al.’s
work,[?] in situ monitoring of the FAPDI; crystallization pro-
cess played a pivotal role to achieve oriented nucleation and crys-
tal growth. This absorber-focused approach was found to favor
the presence of black phases rather than the undesirable yellow
phases, improving the optical properties of the perovskite films
and the overall device performance. On the other hand, Zhang
et al.’s inverted celll?”) optimization focused on improving the
perovskite interface. This was achieved by introducing an am-
phiphilic molecular hole transporter equipped with a multifunc-
tional cyanovinyl phosphonic acid group. This innovation lead to
a superwetting underlayer which improved the perovskite depo-
sition.

For OPVs, at least 14 (7 during the last year, four certified) re-
ports present cells with efficiencies surpassing 19%. This vali-
dates the reproducibility of this milestone in the field. Among

Adv. Energy Mater. 2024, 14, 2303173 2303173 (7 Of39)

the latest top efficiency entries, we highlight the work by Wang
etal.?® who fabricated a 19.2% (19% certified) efficient solar cell.
They achieved this by using 3,5-dichlorobromobenzene (DCBB)
— a high volatility and low cost solvent — to manipulate the mor-
phological evolution of the PBQx-TF:eC9-2Cl blend. The addition
of DCBB is suggested to effectively tune the aggregation of PBQx-
TF:eC9-2Cl during film formation, resulting in a favorable phase
separation and a reinforced molecular packing.

The latest record performance Cu,ZnSn(S,Se), cell has been
featured in the records table by Green et al.l® with a certified
efficiency of 14.9%. In a related study, Zhou et al.*! demon-
strated control of the phase evolution of kesterite achieving
14.1% (13.8% certified) efficient devices. In their optimization
strategy, the phase-evolution kinetics of Ag-alloyed kesterites
were regulated by applying a positive pressure in the reaction
chamber at the initial stage of the annealing process. This low-
ered the partial pressure of selenium, which reduced the collision
probability between the selenium molecules and the kesterite
precursor during the initial formation of the crystals. Notably, an
open-circuit voltage V,, >550 mV was attained, which is a signif-
icant progress considering that reducing photovoltage losses is a
major challenge in these devices.

Another new efficiency record has been established among
Sb,(S,Se); solar cells reported by Chen et al.?°! with a PCE
of 10.75%. In their study, a solvent-assisted hydrothermal de-
position technique was implemented for direct deposition of

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Highest efficiency for monolithic/two-terminal multijunction photovoltaic research cells including up to three junctions. Performance param-
eters as a function of the absorber bandgap energy of the bottom sub-cell for various photovoltaic technologies: power conversion efficiency (top-left),
open-circuit voltage (top-right), short-circuit current density (bottom-left), fill factor (bottom-center) and corresponding area (bottom-right). The dot-
ted, dashed, and solid lines in the efficiency graph indicate the single junction, the top-sub-cell-optimized and top- and middle-sub-cell-optimized DB
efficiency limits for one junction, double junction, and triple junction photovoltaic cells, respectively.[®2"] Light and opaque symbols indicate the reports
published before and after August 2022, respectively. The experimental data is listed in Section 7.1.

high-quality antimony chalcogenide films. Particularly, they sug-
gest that the addition of ethanol can regulate the reaction kinetics
by regulating the concentration of the Sb source during the de-
position procedure. This is believed to increase the grain size,
smoothen the surface, and decrease the defect density of the pre-
pared films by more than one order of magnitude, which benefits
charge-carrier transport.

Analysis of the current state-of-the-art device performance
with respect to the DB efficiency limit is illustrated in the top
panel of Figure 3. In Figure 3a one can find the same effi-
ciency data as in Figure 2, but framed in terms of the EDBL ra-
tio between the experimental value and the theoretical limit for
the efficiency, as defined in Equation (4). Among emerging de-
vices, PSCs exhibit the highest degree of optimization by reach-
ing up to 83% of the DB limit. This level of optimization ri-
vals silicon and is only outperformed by GaAs single-junction
cells. Even the wide-bandgap (~2.3 eV) PSCs can achieve 69%
of the theoretical limit, while all other e-PV technologies linger
below 60%.

Figure 3b shows the updated logarithmic loss analysisi®!! for
the champion efficiency cells for each technology. The new top-
efficiency PSC slightly outperforms the optimized Si device and
also shows a nearly uniform distribution of losses between pho-

Adv. Energy Mater. 2024, 14, 2303173 2303173 (8 of 39)

tovoltage, photocurrent, and FF. Other top devices with ap-
proximately even losses include the recent CIGSI®! record and
the older best-performing a-Si:H cell. The figure also displays
the major photovoltage losses (red dashed bars), from higher
to lower optimization, for the recently published silicon het-
erojunction celll®”) and the new records for CdTe,®] OPV,3I
Cu,ZnSn(8S,Se),® and Sb,Se;.3% Similarly, the older records for
dye-sensitized and AgBiS, solar cells present low V values as a
main issue with respect to the DB radiative limit. In contrast, the
top performance GaAs cell is the only one that presents a nearly
fully optimized photovoltage and fill factor values, even if its pho-
tocurrent still can be improved.

The time evolution of the device performance presented in
Figure 2 is shown in detail in Figure 3¢, which also includes
the data from NREL’s “Best research-cell efficiency chart” (solid
lines).[**! Among e-PV technologies, the efficiency progress since
2014 continues even though it appears to be a saturation and/or
stagnation for the performance optimization of PSCs, OPV, and
Sb,Se, solar cells. However, kesterite devices display an appar-
ent upswing with continued improvement in efficiency during
the last year.

Dale-Scarpulla’s!®! plots, illustrating PCE versus research ef-
fort — as measured by the cumulative number of academic

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure5. Flexible PVs and their performance parameters as a function of absorber (or bottom junction absorber in case of multijunction devices) bandgap
energy for various photovoltaic technologies: power conversion efficiency (top-left), short-circuit current density (top-right), open-circuit voltage (bottom-
left), fill factor (bottom-center) and output power versus area (bottom-right). Experimental data are summarized in Section 7.2 and the solid, dashed,
and dotted lines indicate 100%, 75%, and 55% of the theoretical single junction DB efficiency limit,[?°] respectively. The lighter and opaque symbols are

reports before and after August 2022, respectively.

publications registered in Clarivate’s Web of Science — have also
been included (see Figure 3d). The corresponding annual distri-
bution of the accounted publications is shown in Figure 1. Most
of the technologies (e.g., Si, PSCs, CdTe, CIGS, and AgBiS,) show
a behavior near to PCE = 6Log(x), where x is the publication
count (see grey dotted line in Figure 3d). This suggest that a unit
percentage progress in device performance requires an exponen-
tial increase in research efforts. In contrast, cases in which fewer
publications translate to a higher PCE increase is an indication
of several direct or indirect breakthroughs. For instance, this is
the case for GaAs, OPV, DSSC, and CZTS devices.

The output power in units of milliwatts corresponding to the
data in Figure 2 is presented in Figure 3e as a function of the il-
luminated area of the reported laboratory cells. In this graph, the
efficiency isolines (see dash-dot grey line) form diagonal-like con-
tours. The closer they are to the top-right region of the graph, the
higher the output power. Overall, e-PV technologies continue to
predominantly report areas ~0.1 cm?, whereas values >1 cm? re-
main rare. Among the latest reports, the best PCEXarea achieve-
ment was reported for PSCs (24.4% x 1.01 cm?),l%! followed by
selenium (5.8% x 4 cm?),*¢) OPV(14% X 1.1 cm?)l*’] and CZTS
(12.1% x 1.07 cm?)!® cells. In particular, we highlight the work
by Li et al.®8] who reported a PSC with 22.9% efficiency over 1
square centimeter. Their findings suggest that they were able to

Adv. Energy Mater. 2024, 14, 2303173 2303173 (9 Of39)

improve the stability of the perovskite black phase, which if not
done could induce phase transitions and lattice strain due to daily
temperature variations. Specifically, they used the ordered dipo-
lar structure of g-poly(1,1-difluoroethylene) to control perovskite
film crystallization and energy alignment.

2.2. Multijunction Devices (Monolithic)

The performance parameters of monolithic/two-terminal multi-
junction photovoltaic research cells, encompassing up to three
junctions, are presented in Figure 4. Those values are put
into perspective by comparing them to the corresponding op-
timized bandgap DB efficiency limit, including radiative cou-
pling. Overall, even though gallium-based triple junction cells
(InGaP/GaAs/InGaAs and Si/GalnAsP/InGaP) continue to be
the top performance devices, silicon-perovskite tandems have
shown a consolidated progress with atleast 3 reports of over 31%
PCE. In terms of photovoltage, triple-junction all-perovskite so-
lar cells are now the second technology in our plots with V. >3
V, even if top efficiencies still are under 25%. This achieve-
ment (V,. = 3.23 V) was reported by Wang et al.}%! They uti-
lized a rubidium/cesium mixed-cation perovskite approach for
suppressing the light-induced phase segregation that typically

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Best performing transparent and semitransparent PVs: LUE versus a) AVT and b) Eg; and c) PCE, d) V., ) J, and f) FF as a function of

AVT. The experimental data are summarized in Section 7.3. The blue solid lines indicate the corresponding theoretical detailed balance efficiency limit
for non-wavelength selective PVs. In (b), the multi-junction cells are potted as a function of the bandgap energy of the absorber material in the bottom

sub-cell. The lighter and more opaque symbols are reports before and after August 2022, respectively.

hinders the performance of high bandgap perovskites. In terms
of photocurrent and large-area demonstration, Si/perovskite tan-
dem devices remains at the forefront, whereas the highest fill
factors have been reported for all-perovskite double-junction
cells.

The current champion Si/perovskite cell, as recorded in
Green’s efficiency tables,® boast an impressive efficiency of
33.7%. Two other noteworthy advancements for Si/perovskite
double-junction solar cells are the studies by Mariotti et al.l*]
achieving a PCE value of 32.5%, and Chin et al.*!l reaching
31.25%. In Maroitti’s study,*”) the authors combined a triple-
halide perovskite with a piperazinium iodide interfacial modi-
fication towards the Cyy-based electron-transporting layer. They
suggest that a dipole was created that improved the band align-
ment, reduced nonradiative recombination losses, and enhanced
charge extraction. Conversely, Chin et al.*!l report the uniform
deposition of a perovskite top sub-cell on the industrially stan-
dardized micro-pyramids of crystalline silicon cells. Additionally,
they utilize phosphonic acids as both a hole-transport material
and as a perovskite additive for better perovskite crystallization
and lower interface charge-carrier recombination.

All-perovskite tandem cells have also shown significant
progress during the last year with maximum certified PCE val-
ues of 29.1% and 28.2% for cells with designated illumination
areas of 0.05 and 1.04 cm?, as reported by Green et al.l% where
no material information is available. Among the reports within

Adv. Energy Mater. 2024, 14, 2303173 2303173 (10 of 39)

academic articles, he highest PCE value has been published by
Lin et al.*? with 28.4% (certified 28.0%). In Lin’s work, a hy-
brid evaporation—solution-processing method was optimized for
suppressing interfacial non-radiative recombination and improv-
ing charge extraction at the interfaces between the perovskite
and the electron-transport layer (ETL). Moreover, the interface
between the narrow-bandgap perovskite and the ETL was fur-
ther improved by introducing a thin interlayer of full-lead wide-
bandgap perovskite. Notably, the latter approach was also proven
to report a remarkable PCE value of 23.4% for single junction
Sn-Pb devices.

A new record has also been reported for tandem organic so-
lar cells, with 20.6% (20.3% certified) efficiency, as detailed in a
study by Wang et al.*}] They used devices with PEBCPZ:AITC
and PBDB-TCLAITC:BTP-eC9 as top and bottom sub-cell ab-
sorber blends, respectively. Remarkably, the cell achieved a V,
= 2.02 V and an estimated 50 mV reduction of photovoltage
losses (with respect to the non-optimized reference cell). This
was attributed to the introduction of AITC which is an asym-
metric small molecule acceptor. They posit that this approach
reinforces the molecular packing and tune the domain size in
a way that suppresses charge carrier recombination, expedites
hole transfer, and narrows down the energetic disorder and
the electronic density of states in the active layer. Remarkably,
the fact that the double-junction organic device outperforms
the top-efficiency single-junction OPVs is an indicator of the

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. Operationally most stable emerging PVs for each technology during 200 h a—c) and 1000 h d—f) of testing: stability test energy yield (Equation
(8)) as a function of bandgap energy (a,d), final power conversion efficiency as a function of the initial value (d,e), and overall degradation rate (Equation
(9)) as a function of initial power conversion efficiency (s,f). The experimental data are summarized in Section 7.4 and the solid blue lines in the STEY
panel (left) are the corresponding DB theoretical limits. The diagonal dot-dot-dashed lines in the middle panel indicate where the final efficiencies equal
the initial values. The positive values above the horizontal dotted lines in the degradation rate panel (right) indicates that PCE increases with respect to

the initial values.

technological maturity of the research field, a trait that can also
be observed among PSCs and established PVs.

3. Flexible Photovoltaic Cells

The research on flexible PVs during the last year has shown
significant progress for PSCs, both in terms of the number of
reports and PCE values, as summarized in Figure 5. Further
studies with efficiencies below previous records have also been
published on OPV, CZTS, and Sb,S; e-PV flexible cells. Ad-
ditionally, CdTe and CIGS flexible devices have similarly been
reported.

The latest efficiency champion flexible PSC has been reported
by Gao et al.l*l with a PCE of 23.68% (23.35% certified), which
lost 9% of its initial PCE after 5,000 cycles of mechanical bend-
ing at a radius of 4 mm. The authors remarked that their high-
performance PSCs (deposited on a PEN/ITO substrate) were
possible because the use of the pentyl ammonium acetate (Pe-
nAAc) molecule as an interface layer between the 700 nm-thick
perovskite and the PTAA hole-transport material. Their density
functional theory modeling suggests that the PenA™* cations and
Ac™ anions have strong chemical binding with both acceptor and
donor defects of surface-terminating ends on perovskite films,
which ultimately reduces trap-state densities and suppresses
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non-radiative charge-carrier recombination losses. Their result-
ing devices outperformed every other new report on flexible de-
vices regarding both photovoltage and fill factor, and it showed a
significantly optimized photocurrent with respect to the DB limit.
Additionally, a 1 square centimeter flexible cell was reported
with 21.33% efficiency for a top flexible e-PV output power of
21.33 mW.

Notably, Zheng et al.l**! reported OPV devices with ultra-thin
silver transparent electrode on 125 pm-thick polyimide substrates
with 0.052 and 1.00 cm? active areas exhibiting PCEs of 17.4%
and 17.17%, respectively. The devices endured the bending test
with a radius of 2 mm for 5000 cycles, without any degrada-
tion. Moreover, they also fabricated samples on 1.3 um-thick poly-
imide substrates demonstrating a PCE of 17.32% for a 0.052 cm?
active area. These cells showed 97% PCE retention after 5000
compression-stretching cycles with 30% compression. Addition-
ally, a remarkable power-to-weight ratio of 39.7 W g~! was also
reported for these samples.

4. Transparent and Semitransparent Photovoltaic
Cells

The inconspicuous progress in transparent and semitranspar-
ent PV devices during the last year is evidenced in Figure 6,
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which continues the trend already identified in the previous e-PV
report.’] Among solar cells, no absolute records regarding light
utilization efficiency (LUE) and no significant novel absorber ma-
terials for single-junction devices have been reported during the
last year; most of the reports on transparent cells focus on the
optimization of the absorber layer thickness and on transparent
electrodes of otherwise top-performing opaque devices. Notably,
Ritzer et al.[*] reported the first micro-patterned translucent two-
terminal all-perovskite tandem solar cells with PCEs as high as
15.0% at average visible transmittance (AVT) of 12% and 9.3% at
31% AVT, for LUE values of 1.8% and 2.9%, respectively. Never-
theless, the latest transparent OPV continues to outperform most
transparent PSCs in terms of LUE.

Remarkably, Li et al.*’] reported a transparent luminescent
solar concentrator (TLSC) based on organosilane-grafted carbon
dots (Si-CDs) with an average visible transmittance (AVT) of 89%
and a PCE of 2.09% for a LUE of 1.86%, which is currently
the highest LUE value for AVT >75% in our lists. The authors
proposed a hydrothermal method using anhydrous citric acid,
ethanolamine, and KH-792 as the reaction precursors to prevent
the aggregation-induced fluorescence quenching effect in solid-
state carbon dots, which would otherwise significantly limit their
application in TLSCs. The obtained Si-CDs (average particle size
of ~4.35 nm) were uniformly dispersed in the polyvinyl alcohol
(PVA) matrix through a dehydration condensation reaction and
hydrogen bonding between the silicon hydroxyl group of Si-CDs
and the hydroxyl group of PVA. Furthermore, they also presented
evidence of the UV shielding properties of the Si-CDs after inter-
acting with PVA, and good optical and device performance prop-
erties were maintained even after 12 weeks of storage under nat-
ural conditions.

5. Operational Stability in Emerging Photovoltaic
Cells

The stability of e-PVs is paramount not only for their potential
industrial deployment but also for ensuring reproducibility and
validation of reported research progress. For instance, Figure 1b
illustrates the proportion of academic publications listed in Clar-
ivate’s Web of Science that addresses the stability and/or degra-
dation of three key e-PV technologies. From 2015 onwards, PSCs
and OPV have shown an increased emphasis on the subject, with
10% and 5% of their publications, respectively, addressing it. In
contrast, DSSCs have dedicated a much lower fraction of their
annual research effort towards stability issues. Of significant con-
cern is an emerging trend that could have adverse negative long-
term effects: most of the stability analyses either focus on dark
storage or do not properly describe their stability measurements.
Such ambiguities make it challenging to reproduce and compare
result with similar approaches in the literature. We strongly rec-
ommend reporting the initial PCE values before the stability test,
as well providing explicit details about the illumination, humid-
ity, and temperature conditions.

According to our inclusion criteria (see section 1.1), Figure 7
summarizes the latest reports from in-situ stability tests con-
ducted over 200 h and/or 1000 h under continuous 1-sun illu-
mination. Overall, most of the new studies continue to focus on
PSCs whose as-fabricated PCE (initial) are proven to be state-
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of-the-art. This produces a cluster-like behavior for the energy
yield for bandgap energies ~1.5-1.6 eV, similar to that shown
in Figure 2. Another consolidated behavior arises when com-
paring the final PCE and the degradation rates after 200 and
1000 h of operational stability testing as a function of the ini-
tial PCE. Most PSCs show higher instability over the first 200
h, and may even see an increase in the PCE over that time,
whereas a performance decrease generally is reported after 1000
h. This behavior is still valid even for silicon/perovskite tandem
devices.

A new champion energy yield PSC after 1000 h of opera-
tional stability test (and overall champion among single junc-
tion e-PVs) has been reported by Li et al.*®] They report an
Egoon = 23.3 Wh cm™ and a degradation rate of DR g =
+0.09% /week. Notably, this cell did not only exhibit remarkable
stability over 1000 h; it also consistently maintained a PCE of
~23.4% through 3500 h of testing. The operational test was con-
ducted under continuous AM1.5G illumination at room temper-
ature (=40 °C w/o cooling) and the bias voltage of the cell was
set by MPP tracking. Interestingly, unlike the above-mentioned
general trend, this cell stabilizes its performance after the first
200 h PCE increase, instead of the more often found subse-
quent decrease. This was attributed to the introduction of a
1,3-bis(diphenylphosphino)propane (DPPP) treatment that pas-
sivates, binds, and bridges interfaces and grain boundaries in
the perovskite. The choice of DPPP was suggested by density
functional theory calculations which found diphosphine Lewis
base molecules to have one of the strongest binding energies for
approaching the issue of uncoordinated lead atoms in the per-
ovskite.

An inorganic wide-bandgap device reported by Li et al.*! is,
nonetheless, the new champion PSC in terms of degradation
rate after 1000 h of operational stability test with a value of
DRyyon = +0.05% per week. For this, the authors introduced
a 4-(Trifluoromethyl) phenethylammonium (CF3-PEA) passivat-
ing dipole layer between the perovskite (CsPbBr,I; ) and the
ETL (Cg,/BCP). This strategy is believed to reduce the energetic
mismatch and increase the charge extraction at the ETL. Sub-
sequently, the same approach was considered for the fabrica-
tion of all-perovskite tandem devices that produced the highest
operational stability among all e-PV multijunction solar cells
with Ejyo0n = 23.7 Wh cm™2 and a degradation rate of DR, oo, =
—0.16% per week.

The new top-performance stability OPV cells have been re-
ported by Fu et al.’% and Sun et al.’!l with unprecedented
Ejpoon = 15.7 Wh ecm™ and E,yy, = 15.5 Wh cm™2, respectively
(see Figure 7d). Notably, these are the first OPV stability studies
in our list with PCE >8%, and the DRy, = —0.5%/week value
from the work by Sun et al.[! is second only to the wide-bandgap
PSC from Li et al.*! among all e-PV cells in the range 10%
< PCE < 20% (see Figure 7f). This significant improvement was
attributed to the introduction of a chlorinated P, PY-2Cl polymer
into a PM6:PY-1S1Se host binary blend for a ternary all-polymer
system. This strategy optimizes phase separation with fibrillar
morphology, produces a broader light-harvesting spectrum, im-
proves the exciton dissociation, increases the charge-carrier gen-
eration, and hinders the non-radiative charge-carrier recombi-
nation. On the other hand, the strategy by Fu et al.>% utilized
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1,3,5-trichlorobenzene as crystallization regulator for avoid-
ing the excessive aggregation of the non-fullerene acceptor in
PM6:BTP-eC9 blends.

6. Conclusion

In summary, in this fourth installment of the emerging PV re-
ports, we provide a substantial update on data for record devices
and on the advancements in PV research landscape. Among the
most significant and positive trends, we have demonstrated: i)
a marked progress in Si-perovskite tandem solar cells evident
by both new PCE records and an increased number of publi-
cations; ii) a continuous progress of the perovskite-based single
junction solar cells, especially with regards to stability, and iii)
the consolidated reproducibility of the PCE >19% values among
the OPVs. Moreover, we have noted that the efficiency of OPV
tandem cells now has exceeded OPV single junction cells—an
indication of maturity for a technology, which other technologies
like perovskites have achieved. Further, new record performance
reports have been reported for kesterite and Sb,S; inorganic so-
lar cells, as well as for flexible e-PV solar cells and for transparent
luminescent solar concentrators.

However, no significant recent progress has been made in the
field of transparent and semitransparent solar cells. Similarly, but
reinforcing a previously trend, the studies on performance stabil-
ity continue to be scarce and/or poorly described, which hinders
the analysis and comparison of the results within the literature.
With respect to the latter, we once again encourage the PV re-
search community to use dimensional parameters (e.g., initial
PCE, DR,,, E,,) rather than, or in addition to, relative percent-
ages in degradation and optimization studies. Moreover, while
the interest on stability from the device performance point of
view has arguably been primarily focused on the reproducibility
side of research, it also reflects the interest on industrial compat-
ibility that should receive more consideration. Additionally, other
relevant aspects such as fabrication method and material suitabil-
ity for upscaling should also gain attention during the following
years.

7. Tables

The tables below list the reports on the best achievements in
most of the established and emerging PV technologies as a func-
tion of the device bandgap E,. Unless otherwise noted, E, values
were estimated by fitting the absorption threshold region of the
corresponding EQE spectra to Equation (2). Note that, for some
absorber materials this definition may result in a value slightly
larger (typically on the order of the thermal energy) than that of
the optical bandgap.!® The new reports, from articles published
since August 2022, are highlighted in bold. The older reports,
from articles published before August 2022, which were already
included in our previous surveys are referenced to the corre-
sponding e-PVr. In contrast, each older report that was missed
in the corresponding previous e-PVr, is now included with its
corresponding individual citation. All the citations, further data,
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and visualization tools can be found on the emerging-pv.org
website.l’] This website and database is the main and recom-
mended data collection path for the e-PVr and an useful instru-
ment that complements the below tables.

In the case of PCE reports of PSCs showing hysteresis behav-
ior in the J-V characteristic, while sweeping voltage in different
directions and/or scan rates, the lower PCE value has been con-
sidered in each case. This is discussed in detail in Section S1.1
(Supporting Information).

The FF values have been automatically corrected to match
the reported values of the PCE, J,, and V, . under standard
100 mW cm? illumination of AM1.5G spectrum. Some re-
ports have introduced up to +0.5% discrepancies between the
values in our tables and those reported in the original pub-
lications owing to differences in the rounding digits and/or
typos in the original manuscripts. Cells with mismatches of
>0.5% may have been discarded (see Section S1.5, Supporting
Information).

For the transparent/semitransparent cells, note that the AVT
values may differ from those reported in the original manuscripts
when a definition different from that of Equation (5) was used in
the original published article.

For GaAs-based and related III-V semiconductor-based de-
vices, the performance parameters are listed either among tables
for established technologies or in independent tables. This is a
notable exception to the PV emergence definition in Table 1 since
the high fabrication costs of these devices hinder the classifica-
tion as either established or emerging PVs.

7.1. Highest EfficiencyPhotovoltaic Cells (Tables)
The absorber materials of single-junction solar cells with the
highest efficiency and further performance parameters are pro-

vided in Tables 4-8 whereas the data for monolithic multijunc-
tion devices are in Tables 9-11.

7.2. Best Performing Flexible Photovoltaic Cells (Tables)

The details of the best performing flexible research solar cells are
provided in Tables 12-17.

7.3. Best Performing Transparent and Semitransparent Cells
(Tables)

The details of transparent/semitransparent solar cells with the
highest efficiency and further performance parameters are pro-
vided in Tables 18-23.

7.4. Operational Stability for Emerging Photovoltaic Cells (Tables)

Operational stability details of emerging research solar cells are
provided in Tables 24-27.
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Table 4. Single-junction perovskite research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap
energy (from the EQE spectrum).

Eg [eV] PCE [%] V,e [mV] Joc [MAcm™2] FF [%] Absorber perovskite Refs.
112 12.4 967 175 729 MAPbq s Sng s Bry:Bi**:BAMA,Sns Iy B3]
118 243 1070 29.1 78.0 FAq7MAq 3 Pbg ;S 3|5 /BTBTI:PCBM B3]
1.18 234 1067 28.9 75.8 FAq ;MAq 3Pbg;Sng 513 /BTBTI:PCBM B3P
125 207 843 306 80.2 FAqsMAg 4PbgsSnggls 2]
125 222 841 33.0 80.0 FAq;MAq 3 PbgsSnos s 3]
126 23.4 871 33.0 814 FAg;MAg5PbgsSngsls [42]
126 210 850 315 79.11 Cs.1FAsMAg 5 Pbo s Sgs s 52]
1.26 20.4 834 30.5 80.2 GuaSCN:FA, s MAg ;SN ¢ Pbols 2
127 209 827 314 80.5 FAq;MA sPbgsSngsls 2]
128 206 842 306 80.1 FSA: FAq;MAq ;PbsSngs s 127
128 217 850 316 80.8 FSA: FA ;MAq 3 Pb s S s s 2]
128 212 820 325 79.3 Cs02FAgsPbosShgsls [53]
129 233 880 328 80.8 0,025 FAo47s MAq s Pbg s Srig s B o752 025 3]
129 203 842 316 76.3 C.17FA053Pbo s Sos |3 [54]
129 19.5 810 32.1 75.0 .25 FAg75Pbo s Sgs |5 [55]
130 18.8 820 296 773 FAgsMAg4Pbo 4Snogls 2
130 7.1 840 279 73.0 C0.0s FAosMAg 15 Pbg s S s s 2
131 5.0 420 238 503 Cssnl, 2P
131 7.1 486 229 64.0 MAShI; 2
131 14.1 740 267 714 5925 FAg75Pbos Sngsls 2]
132 1.6 720 234 68.9 MAPb 4Sng s Bro,lys 2]
133 7.5 450 249 67.0 CsSnl;:MBAA [2]
134 10.0 767 205 63.6 MAPbq ,Sng gl 2
1.34 12.1 780 20.7 75.1 MAPby ;S 6Bro.4lo 6 2
135 16.3 780 265 79.0 FAPb, ;Snos s 2]
136 8.2 630 19.7 66.1 CsSnly [2]
137 14.7 737 271 73.6 FAgsMAg;Pbg,Sngsl; 2
138 17.3 810 282 75.4 FAPbg 555N |5 21
138 15.2 800 262 725 MAPby 75 Sng 25 15 2
139 206 1020 266 76.0 FAq;MA;Pbg,Sngs1; 2]
1.40 8.2 745 17.8 618 MAPbq ¢S 4l 2]
1.40 10.1 655 22.1 69.6 FASnl, + Dipl + NaBH, B3]
147 5.9 487 20.0 60.6 FA,,Rb,Snl, 2]
1.42 143 920 204 762 FAShI, B3]
1.42 14.4 820 224 78.0 MAPbg 75 S 55 5 2
1.42 13.2 840 203 78.0 EAq 003 EDAg 01 FAg 53, S11l3 2]
143 12.4 949 17.4 749 FAg 55 PEAg 15Snl5:NH, SCN 2P
1.44 123 750 217 753 EAo 005 EDAg 01 FAg 5351115 B3]
144 10.1 642 222 70.8 Csg,FAgsSNl; 2P
1.44 10.2 638 22,0 72.5 FASnl,:FOEI 2P
1.45 13.6 840 22.9 70.8 FASnl, [3]
145 12.8 869 19.6 74.5 FARbSN (Br,Cl,1), [56]
147 13.1 770 229 74.4 C0.05FAgosSNls [57]
1.48 6.0 460 239 53.9 CsSnly [2]
1.49 223 1090 263 78.0 FAqMA, 4Pbl, (sc) 2
151 19.3 1047 238 77.5 FAqcMA, 4Pbl, 2]
152 232 1130 25.9 79.3 FAMAPbCL, I, [58]
152 25.3 1150 26.2 83.9 50,05 FAq.8s MAg 05 Rboos PDBrG 15 1 55 B3]
152 24.1 1161 25.4 814 50,0 FAo.3s MAg 05 Rbo 05 PbBIg 151 55 B
(Continued)

Adv. Energy Mater. 2024, 14, 2303173 2303173 (14 of 39) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 8dedt|dde au Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIHIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUORIpUOD pue swie | 8y} 89S *[5z202/c0/T] Uo ARiqiauluo A8 |1 'Ind uljieg wnnuez-z)oywpH Ad ££TE0EZ02 WUSe/Z00T 0T/I0p/W0d A8 | 1mAke.q Ul [uo'peoueApe;/Sdny wouy pepeojumod v ‘%20z ‘0v89rTaT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “ENERGY”
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
Table 4. (Continued).

Eg [eV] PCE [%] Vo [MV] Joe [MA cm™2) FF [%] Absorber perovskite Refs.
1.53 219 1142 25.5 75.2 CsFAMARbPb (Cl,1); [591”
1.53 25.1 1157 26.1 83.0 C50.015 FAo.085 Pl [60]
1.53 25.4 1150 26.2 82.0 Cs.05MAg 05 FA s Pbls 26]
1.53 25.2 1174 26.2 818 a-FAPbI, 2P
1.53 25.4 1174 26.4 81.9 FAPbI, 3]
1.53 25.5 1189 25.7 83.2 a9 2]
1.54 24.4 1159 25.6 82.1 a9 6]
1.54 26.0 1190 26.0 84.0 a9 6]
1.54 24.6 1181 26.2 79.6 FAPbI, 2P
1.54 25.6 1182 26.2 82.6 FAPbI,: (Pbl,),RbCl ER
1.54 25.2 1138 26.1 84.9 C50,05 FAg.oMA o5 Pbl; [61]
1.54 243 1141 25.7 82.6 C50.03 FAg.97Pb Bro golr.61 3]
1.54 25.7 1179 25.8 84.5 a9 3]
1.55 22.9 1176 243 80.1 C50.05FA0.931MAg 16PbBrg 0615 04 13819
1.55 24.6 1177 24.8 84.3 CS.05FA0.031 MAg 16PbBrg 061 04 38]
1.55 24.6 1121 25.7 85.5 CsPbBr;:FAPbI, [62]2)
1.55 24.8 1190 25.5 81.6 FAPbI, [63]
1.55 25.1 1123 25.7 86.9 CsPbBr;:FAPbI, [62]
1.55 24.1 1158 253 823 FAg.as MAg 05 PbBrg 151 g5 B3]
1.56 25.2 1201 24.8 84.5 C50.05FA0.902s MAg 0475 PbBI 1515 35 [27]
1.56 25.1 1209 24.7 83.9 C50.05 FAg 9025 MAg 0475 PDBrg 1515 g5 271
1.56 25.1 1195 24.9 84.4 FAg 695 MAg 005 PDBIg 015 l.085 3]
1.56 25.2 1180 24.1 84.8 a9 2]
1.56 25.2 1181 25.1 84.8 FAMAPb(1,Br,Cl); 2
1.56 253 1193 25.1 84.6 FAMAPb (1,Br,Cl); 2]
1.57 24.4 1190 25.6 80.2 FAPb(1,Cl) [64]
1.57 23.6 1179 243 82.4 FAPb(1,Cl), (6412
1.57 23.1 1170 23.8 82.7 CS0.05 FAg.9025 MAg 475 PbBIg 1515 55 [65]
1.57 23.0 1170 24.1 81.6 C50.05 FAg.53MAg 07 PbBro2415 76 2]
1.57 23.0 1147 25.1 79.9 FAg 95 MAg 05 PbBrg 151 g5 BR
1.57 23.4 1153 25.2 80.6 CS.05 FAg 75 MAg 15Rbg 05 PbBrg 1515 85 B3]
1.58 22.9 1173 23.4 80.0 C50,05 FAg s MAg 05 PbBIg 5615 74 3]
1.58 22.6 1186 24.2 78.6 FAg.02MAg 05 PbBIg 415 76 2
1.58 22.6 1178 22.73 84.4 a9 2]
1.59 22.1 1160 23.1 82.4 CS.05FAo.sMAg 15 PbBry 31, 5 [66]
1.59 21.1 1086 24.0 81.0 MACug 5 Pbo o Sg.05Bro 1126 2]
1.59 21.0 1140 23.7 77.7 FAg 55 MAg 15 PbBrg 451, 55 2
1.60 22.0 1175 22.8 82.2 C50.05 FAg 74 MAg 076 PbBrg 1515 76 [67]
1.60 219 1192 22.8 80.6 GA(MA)5Pbs 6 3]
1.60 219 1131 23.1 83.7 CsMAFAPbI;:PPP 2]
1.60 20.3 1130 23.2 77.4 MAPbI, ,Cl, 2P
1.61 21.4 1120 23.1 82.9 MAPbI, 2
1.61 215 1192 21.6 83.6 C50.05 FAg.53MAg07PbBro s ls 56 2
1.61 232 1240 22.1 84.5 C50.05 FAg.53MAg07 PbBro s ls 56 2]
161 22.6 1200 24.0 78.5 C50.07FAg 765 MAq 135 Rbg 03 PbBrg 451 55 2]
1.62 217 1180 225 81.7 MAPbI;-DAP 2]
1.63 203 1130 23.4 76.8 C50.05FA.76MAg 15 PbBro gl 4 2]
1.64 22.4 1130 23.7 83.8 C50,0s MAg 1425 FAG 5075 PDBro s 15 55 3]
1.64 20.4 1140 23.6 75.8 C50.05 FAg.79MAg 16PbBro 511 40 2]
1.65 218 1218 215 83.2 C5g.15 FAg s MAg 05 PbBro s 46 [68]
(Continued)
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Table 4. (Continued).

Eg [eV] PCE [%] Ve [MV] Joc [MAcm™?] FF [%] Absorber perovskite Refs.
1.65 18.6 1181 20.7 76.0 Cs0.15FAGsMAg 05 PbBrg saly 46 [68]”
1.65 21.9 1230 21.2 84.0 Cs0.1FAG2MA 7PbBrgsslo s ss 3]
1.65 16.2 1109 19.6 74.2 MAPbBr, I, 2
1.66 10.4 904 16.3 70.4 MAPbBrq 501, 51 2]
1.67 17.9 1190 18.4 81.9 (PEA), (MA);Pb,113:NH,4lo,Clo s 2]
1.68 20.7 1220 21.3 79.7 C50.05 MAg 15 FAG s PbBIg 7515 55 2]
1.69 20.7 1220 20.6 82.1 CsPbl, [69]
1.70 21.6 1220 21.7 81.5 CsPbl, [70]
1.70 18.8 1193 20.7 76.2 CsPbl, (70
1.70 212 1244 20.6 82.5 CsPbls 71
1.70 20.3 1230 20.3 81.5 CsPbl, [72]
1.70 20.2 1176 20.8 82.5 CsPbl, 3]
1.70 16.9 1170 20.2 71.5 C50.2FAG5PbBrg 7515 55 2]
1.71 14.6 1056 17.5 79.0 CsPbl, 2]
1.72 18.6 1244 19.2 77.9 Cs0.33FAg17PbBrogly 5 2]
1.72 18.3 1350 17.6 77.0 MAPbBry¢l, 2]
1.72 17.1 1200 19.4 73.5 Cs0.17FAgg3PbBry 511 2]
1.74 18.3 1269 18.9 76.3 C50.09s MAg 1425 FA 7125 Rbg o5 PbBr I, 2]
1.74 20.0 1274 18.2 86.3 C50.16FA0.50MAg 04 PPBro.06 12 04 73]
1.74 20.2 1210 19.3 86.5 Csp.2FAg3PbBrool, | 3]
1.75 19.8 1310 19.4 78.0 Cs0.17FAg g3 PbBr 5115 2]
1.76 18.5 1210 20.0 76.4 C50.05 FAg79MAg 16PbBry 5 115 2]
1.77 18.6 1234 18.3 82.5 CsPbBr, |y, 2]
1.78 18.4 1272 17.6 82.0 FA05CS02PbBI 1411 56 [42]
1.78 18.0 1230 18.0 81.4 CsPbBr, 5, [49]
1.79 19.3 1330 17.3 83.9 Csg,FAq3PbBr 11 g (741
1.79 19.0 1250 19.0 80.0 Cs0.12FAg.33MAg 05 PbBry 5115 2]
1.79 17.7 1255 17.4 81.1 Cs9.4DMA 1 FA,sPbBrg 71Clo 1515 14 3]
1.79 16.9 1270 16.2 82.3 Cs0.15FAgg5 PbBry 5115 [75]
1.79 16.6 1175 18.0 78.4 Csp2FAg5PbBI 11 g [76]
1.79 17.6 1230 18.0 79.5 Csg3FAg7PbBr 11 g 771
1.80 19.1 1274 17.7 84.5 Csg2FAggPbBr 11 g 78]
1.81 16.3 1220 17.0 78.6 Cs0.4FAGPbBr 651 05 2]
1.82 17.2 1266 16.8 80.9 Cs0.35FAG 65 PbBry 511 3]
1.83 16.9 1240 16.9 80.7 FAgsMA, 4 PbBry ;115 3]
1.84 15.2 1260 15.6 77.3 Csg2FAg3PbBry 51, 5-DAP 2]
1.85 15.0 1296 15.6 74.2 Cs0.17FAg g3 PbBr 517 5 2]
1.86 17.0 1340 15.9 79.8 CsPbBry 751, ,5-0.5FAOAC 2]
1.87 14.0 1280 14.0 78.1 CsBay,PbygBrl, 2]
1.87 13.7 1220 14.6 76.8 CsEug g5 Pbg g5 Brl, 2]
1.88 17.4 1420 15.0 81.4 CsPbBrl, 3]
1.88 15.9 1300 15.5 79.1 CsPbBrl, 2]
1.88 15.3 1250 15.4 79.0 CsPbBrl, 2]
1.89 16.0 1310 15.8 77.5 CsPbBrl, 2]
1.89 15.6 1300 15.3 78.3 CsPbBr(Ac), |, 2]
1.90 15.0 1240 16.0 75.6 InCly:CsPbl,Br 2P
1.90 16.5 1242 16.3 813 CsPbBrl, [79]
1.90 16.1 1320 15.3 79.7 CsPbBrl, 2]
1.90 14.5 1300 14.3 78.1 CsPbBrl, [80]
1.90 14.7 1302 14.2 79.6 CsPbBrl, 81
(Continued)
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Table 4. (Continued).

Eg [eV] PCE [%] Vo [MV] Joe [MA cm™2) FF [%] Absorber perovskite Refs.
1.90 14.0 1269 14.9 73.8 CsPbBrl, 82]
1.91 145 1300 143 77.8 CsPbBrl, 83]
1.91 14.4 1312 15.6 70.1 Cs.33FA.17PbBr 511 2]
1.91 14.2 1160 15.7 77.9 CsPbBrl, 2]
1.91 2.0 620 5.4 60.8 MA; Sb,lg+HI 2
1.94 13.4 1240 14.2 76.0 CsPbBry, s 3]
1.98 8.3 1080 12.3 62.0 CsPbBr, | 2]
1.9 134 1312 134 76.3 Cs.g5Rbo 15 PbBry 5517 75 39]
2.00 9.6 1185 1.2 72.3 Csp.15FAg35PbBr2 110 2]
2.03 2.8 836 6.4 52.7 MAPbBr; 7711 53 2]
2.04 10.3 1340 9.7 79.2 MAPb(l3Brg5),Cls 2]
2.05 6.1 1450 5.4 77.1 MAPbBr, | 2]
2.09 10.2 1270 1.5 69.4 CsPbBr, | 2]
2.10 10.7 1261 1.8 72.0 CsPbBr,| 2]
21 9.2 1200 10.2 74.6 GAI-DEE-CsPbBr,| 2]
2.20 8.9 1639 7.7 70.6 FAPbBr, B3]
2.27 10.6 1552 8.9 76.5 FAPbBr; 2]
2.28 10.5 1520 8.3 83.0 CsPbBr, 3]
2.29 10.2 1650 8.7 71.1 MAPbBr; B3]
230 1.2 1574 8.5 83.7 CsPbBr; 84]
231 9.7 1458 8.1 81.9 CsPbBr, 2]
2.32 10.1 1653 7.7 79.1 MAPbBr; 2]
233 8.5 1580 6.6 82.0 CsPbBr, 2]
2.33 8.2 1470 7.3 76.1 CsPbBr, 2]
234 10.7 1635 7.8 84.1 CsPbBr; 3]
2.34 10.1 1602 7.9 80.0 CsPbBr, 2]
2.34 9.7 1584 7.4 82.8 CsPbBr, 2]
235 10.7 1622 7.9 83.5 CsPbBr, 2]
235 10.6 1610 7.8 84.4 CsSnBr; 2]
235 10.2 1611 7.8 81.0 CsPbBr; 3]
236 10.3 1570 8.2 79.6 CsPby,s7Tbg 03 Br3 B3]
236 4.0 1130 5.5 63.6 CsPbBry,lg 2]
2.37 22 690 5.0 63.5 MA;Sb,Cl,lg., 2]
2.38 8.1 1490 6.9 78.8 CsPbBr, 2]
241 2.7 1020 5.2 512 Cs,AgBiBry 2]
242 1.1 870 2.9 43.0 BAAPbI, 2]
2.43 2.8 820 5.7 60.3 CsPb,Brs 2]
2.44 24 1140 3.4 60.9 FAPbBr, 1 Clo 2]
245 2.9 1010 4.1 70.9 Cs,AgBiBr 2]
2.46 1.7 1060 3.9 40.2 Cs,AgBiBr, 2]
247 3.3 1278 3.3 775 Cs,AgBiBrg B3]
248 1.4 1060 2.5 52.0 FAPbBr,Cl 2]

? Certified power conversion efficiency; ®) Notable exception included as a material and/or large area highlight; 9 Notable exception included as a PCE highlight without the
absorber information; ¥ PCE from J-V with significant hysteresis and MPP tracking closer to the listed value; sc, single crystal.
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Table 5. Single-junction organic research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap energy
(from the EQE spectrum).

Eg [eV] PCE [%)] Vi, [mV] Joc [MA cm™2] FF [%] Absorber blend Refs.
1.22 13.4 663 30.0 67.1 BTB7-Th:ATT-9 [3]
132 13.0 916 20.2 70.1 BTR:Y6:bisPC,,BM B3]
132 10.6 690 243 63.2 PTB7-Th:IEICO-4F [2]
133 13.9 865 22.4 71.4 BTR:MelC:Y11 [3]
1.34 12.8 712 27.3 65.9 PTB7-Th:IEICO-4F [2]
1.35 19.3 870 28.6 77.9 PM6:BTP-eC9:L8-BO [85]
1.35 17.0 804 27.2 76.4 PM6:mBzS-4F [2]
1.35 15.9 820 26.3 73.4 PM6:Y6 [2]
136 15.9 846 25.4 741 PM6:Y11 22
136 18.3 840 27.4 79.4 D18:NFAs [86]
137 18.3 856 26.9 79.4 PM6:BTP-eC9:PC,,BM 2]
1.38 18.9 880 26.9 79.8 PBDB-TCI:AITC:BTP-eC9 [43]a)
1.38 19.1 880 26.9 80.7 PBDB-TCI:AITC:BTP-eC9 [43]
1.38 19.1 853 27.8 80.5 PM6:BTP-eC9 [87]
1.38 18.2 840 27.5 78.6 PM6:eC9 [88]
1.38 18.2 857 27.4 77.6 PM6:BTP-T-3Cl:BTP-4CI-BO 3]
1.38 18.8 861 27.5 79.4 PM6:BTP-eC9:BTP-S9 [3]
1.38 18.7 853 27.4 80.0 PM6:BTP-eC9:L8-BO-F [3]
138 18.2 847 273 78.8 PM6:BTP-eC9:L8-BO-F 3P
1.38 18.7 862 27.4 79.3 PM6:BTP-eC9:BTP-S9 31
1.39 19.1 858 28.0 79.5 PM6:BTP-eC9:LA23 [89]
139 185 858 276 77.8 PM6-T:BTPeC9 190]
1.39 18.1 848 27.5 77.5 PM6:Y6-10:BO-4Cl [3]3)
139 18.2 859 27.7 76.6 D18:Y6 2
1.39 18.2 863 27.1 77.9 PM6:BTP-eC9:ZY-4Cl 312
1.39 18.5 855 27.5 78.9 PM6:Y6-10:BO-4CI [3]
1.39 18.7 863 27.4 79.0 PM6:BTP-eC9:ZY-4Cl [3]
1.40 19.3 861 279 80.4 PM6:BTP-eC9 [50]
1.40 18.9 859 279 79.2 PM6:BTP-eC9 [50]3)
1.40 19.1 869 27.5 79.9 PBDB-TF:L8-BO:BTP-eC9 312
1.40 19.4 863 27.6 81.2 PBDB-TF:L8-BO:BTP-eC9 [3]
1.40 18.4 871 26.8 79.1 PM6:AC9 3]
1.40 14.0 880 244 653 PBNT-TzTz:Y6-BO 37
1.40 18.3 845 27.5 78.8 PTzBI-dF:BTP-TBr [3]
1.41 19.5 886 27.2 81.1 PBQx-TCI:PBDB-TF:eC9-2Cl [33]
1.41 19.2 879 27.2 80.3 PBQx-TF:eC9-2CI [28]
1.47 19.0 877 27.1 79.8 PBQx-TF:eC9-2C] 289
1.41 17.6 871 26.4 76.8 D18-Cl:PM6:Y6 [2]
1.41 18.1 860 26.5 79.4 PM6:PB2F:BTP-eC9 [3]
1.41 19.0 879 26.7 81.0 PBQx-TF:eC9-2CI:F-BTA3 [3]
1.41 18.7 878 26.8 79.4 PBQx-TF:eC9-2Cl:F-BTA3 312
1.41 17.7 859 26.8 76.8 PM6:Y6/PBB-TSD [97]
1.42 16.8 830 26.6 76.1 PM6:Y6 [85]
1.42 16.6 919 25.1 72.0 PBDB-T:PTz-BO:PTz-C11 [92]
1.42 15.6 838 25.0 74.4 a9 2]
1.43 18.2 880 25.9 80.1 PM6:BTP-4F-P2EH [3]
1.43 18.2 914 25.7 77.4 PM6:PY-1S1Se:PY-2Cl [512
1.43 18.2 914 25.7 77.2 PM6:PY-1S1Se:PY-2Cl [57]
(Continued)
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Table 5. (Continued).

Eg [eV] PCE [%] Voo [mV] Joe [MA cm™2) FF [%] Absorber blend Refs.
1.43 18.2 931 24.5 79.8 PBQx-TF:PBDB-TF:PY-IT 193]
1.44 19.2 914 26.6 79.0 a)b) 6]
1.44 16.1 955 22.7 74.3 PM6:PY-IT:BN-T 2]
1.44 18.6 893 26.0 80.0 PM6:L8-BO 3]
1.44 18.2 883 26.1 79.0 PM6:L8-BO BP
1.45 19.5 905 27.2 79.6 PBTz-F:PM6:L8-BO [94]
1.45 19.6 896 26.7 81.9 PM6:D18:L8-BO 3]
1.45 19.1 918 26.9 77.3 D18:L8-BO 3]
1.45 19.2 891 26.7 80.7 PM6:D18:L8-BO B
1.46 18.2 897 25.7 78.9 9 2
1.46 16.8 949 23.7 74.4 PM6:PY-DT 3]
1.47 14.6 882 23.1 7.7 PBDB-T-2Cl:BP-4F:MF1 2]
1.48 12.4 880 20.8 67.7 PBDB-T:IDT-EDOT:PC,, BM 2]
1.50 15.4 920 22,6 74.1 PM6:DTTC-4C] 2]
151 13.3 780 22.9 75.0 PM6:SeTIC4CI-DIO 2]
1.52 10.4 850 18.0 68.0 PBDB-T:IDT-EDOT:PC,; BM 2]
1.53 10.7 850 22.2 56.7 PMé6:SeTIC4Cl 2]
1.54 13.6 940 19.5 73.8 BTR:NITI:PC,; BM 2]
1.55 12.0 840 19.5 73.3 PM6:IT-4F 2]
1.56 12.1 826 20.9 70.1 PM6:IT-4F 2]
1.58 13.9 950 21.7 67.4 PM6:DTTC-4F 2]
1.58 13.5 880 20.6 74.53 PBDB-T-SF:IT-4F 2]
1.61 13.4 940 20.2 70.5 PM6:DTC-4F 2]
1.61 12.1 916 18.1 73.0 PBDB-T-2CI:MF1 2]
1.62 11.0 793 19.4 71.5 2)) 2]
1.62 12.2 930 17.5 75.0 PTQ10:IDTPC 2]
1.63 12.8 910 19.1 73.6 PTQ10:IDIC-2F 2]
1.64 12.9 960 17.4 713 PTQ10:IDIC 2]
1.65 10.4 910 16.2 70.6 PBDB-T:ITIC [95]
1.66 12.1 815 20.3 73.2 2)) 2]
1.67 11.2 1080 16.3 63.6 PVvBDTTAZ:O-IDTBR 196]
1.67 11.5 791 19.7 73.7 a).) [2]
1.68 12.0 1030 18.5 63.0 PBDTTT-EFT:EHIDTBR 2]
1.69 8.9 878 13.9 72.9 PBT1-C:NFA 2]
1.70 1.1 867 17.8 71.9 ) 2]
1.72 10.0 899 16.8 66.4 ) 2]
1.76 9.6 786 17.0 72.0 PPDT2FBT:PC,,BM 2]
1.79 7.5 1140 10.6 62.1 BDT-flBX-DT:PDI4 2]
1.79 6.2 1230 8.9 56.6 BDT-flBX-DT:SFPDI 2]
1.85 9.0 900 13.8 72.9 BTR:PC,,BM 2]
1.85 7.6 830 13.3 69.1 PBDB-T:PC,,BM 2]
1.86 7.4 940 12.7 61.9 PBDB-T:NDP-Se-DIO 2]
1.88 5.7 950 10.7 55.9 PBDB-T-2Cl:PC61BM 2]
1.93 6.3 790 12.2 65.3 P3HT:TCBD14 2]
2.01 3.7 592 10.4 59.2 P3HT:PCBM 2]

¥ Certified power conversion efficiency; ®) Notable exception included as a large area highlight; 9 Notable exception included as a PCE highlight without the absorber
information.
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Table 6. Single-junction dye sensitized research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap
energy (from the EQE spectrum).

Eg [eV] PCE [%] Voo [MV] Joc [MA cm™2] FF [%] Sensitizing dye Refs.
1.44 11.0 714 21.9 703 ab) 2]
1.52 11.4 743 213 71.9 ab) 2]
1.59 10.1 710 18.5 76.9 TF-tBu_C;F, 2]
1.66 13.0 910 18.1 78.0 SM315 3]
1.66 10.7 849 16.6 75.9 b)s2 2]
1.72 4.2 503 12.7 64.9 NP2 [97]
1.74 7.8 694 15.4 72.7 YD2 2]
1.75 10.9 745 20.7 70.8 YKP-88/YKP-137 (6/4) 2]
1.76 12.0 960 15.9 79.0 SM371 3]
177 10 740 18.1 74.7 N719 2]
1.79 9.9 740 19.0 70.5 PI-COF:N719 3]
1.80 9.1 744 19.0 64.0 N719 2]
1.80 9.0 790 19.8 57.2 N719 2]
1.80 6.5 663 13.3 74.5 SK7 2]
1.81 8.5 700 19.4 62.6 N719 3]
1.82 6.4 680 13.1 71.8 AN-11 2]
1.83 15.2 1063 18.0 79.4 SL9 + SL10 /BPHA BP
1.83 8.9 820 19.0 57.5 N719 2]
1.85 123 1020 15.2 79.1 ab) 2]
1.85 13.4 1040 15.6 80.4 ab) 6]
1.86 8.3 782 14.8 71.7 N719 2]
1.87 9.1 1060 11.2 76.7 L351 2
1.88 7.8 730 14.3 74.7 TY4 2]
1.90 11.6 0.946 16.9 72.9 ZL004 98]
1.93 11.2 1140 13.0 75.6 L350 2]
1.97 3.0 600 6.3 79.4 AN-14 2]
1.99 5.4 689 11.3 69.5 SK6 2]
2.00 6.3 732 12.0 71.7 CW10+SK6 2]
2.01 9.2 1160 1 72.1 L349 2]
2.02 8.1 760 14.3 75.0 TY6 2]
2.05 3.9 630 7.4 77.5 AN-12 2]
2.09 6.9 780 11.6 76.3 TY3 2]
2.12 5.8 739 10.8 72.7 cw10 2]
2.15 4.1 640 8.76 73.6 PS1 3]
2.23 5.8 760 10.2 74.8 MS3 2]
2.32 5.3 1170 6.4 70.8 L348 2]

? Certified power conversion efficiency; ®) Notable exception included as a PCE highlight without the absorber information.

Table 7. Single-junction research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap energy (from
the EQE spectrum) among several inorganic emerging technologies.

EgleV] PCE[%] Voo [MV] Jo[MA cm™2] FF[%)] Absorber material/Technology Refs.

0.98 M2 430 392 66.8 Cu,ZnSn(Se,S), 2]

1.02 1.6 447 39.2 67.4 Cu,ZnSnSe, 2

1.03 1.6 423 406 67.3 Cu,ZnSnSe, 29

1.04 9.6 425 349 64.5 Cu,ZnSnSe, 2]

1.05 9.4 457 325 63.3 Cu,ZnSnSe, [2]

1.06 95 460 3.1 6.4 Cu,ZnSnSe, 2]
(Continued)
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Table 7. (Continued).

EgleV] PCE[%] Voo [MV] Joe[mA cm™? FF[%] Absorber material /Technology Refs.
1.06 132 477 40.1 69.0 Cu,ZnSn(S,Se), 2]
1.06 12.7 461 40.4 68.3 Cu,ZnSn(S,Se), 29
1.07 12,5 491 37.4 68.2 Cu,ZnSnSe, 2P
1.07 121 538 353 63.7 Cu,ZnSn(S,Se), 6
1.08 13.8 546 36.3 69.4 Cu,ZnSn(S,Se), [295°)
1.08 14.1 551 35.7 71.8 Cu,ZnSn(S,Se), [29]
1.08 124 522 333 713 Cu,ZnSn(S,Se), 2]
1.09 149 555 36.9 72.7 Cu,ZnSn(S,Se), 16
1.09 12.2 475 372 63.8 Cu,ZnSn(S,Se), 2]
1.09 12,5 540 32.1 72.1 (Ag,Cu),ZnSn(S,Se), 2]
1.10 136 538 362 69.9 Cu,ZnSn(S,Se), B3]
11 13.1 547 343 70.0 Cu,ZnSn(S,Se), B3]
1 12.8 526 353 68.9 Cu,ZnSn(S,Se), B
112 12.1 494 36.2 67.5 Cu,ZnSn(S,Se), [99]?
112 12.3 527 323 72.3 Cu,Zn(Sng 75Geg ) Ses 2
113 12,6 513 352 69.8 Cu,ZnSn(S,Se), 2@
113 1. 460 345 69.8 Cu,ZnSn(S,Se), 2
1.14 12.2 470 372 69.9 Cu,ZnSn(S,Se), [100]
1.14 126 541 35.4 65.9 Cu,ZnSn(S,Se), 2
115 10.3 522 28.9 63.5 Cu,ZnSn(S,Se), [101]?)
1.16 11.2 539 33.1 62.8 Cu,ZnSn(S,Se), 2]
1.16 12,9 546 359 65.8 Cu,ZnSn(S,Se), [0z
1.16 1.8 498 36.3 66.5 Cu,ZnSn(S,Se), (o3P
1.19 9.8 537 326 56.3 Cu,ZnSn(S,Se), [104]
1.22 7.5 413 289 62.4 Sb,Se, 2
1.23 10.6 467 335 67.6 Sb,Se, [105]°)
1.24 9.2 400 326 70.6 Sb,Se, 2]
127 48 370 273 473 Sb,Se, 2]
1.29 40 340 229 51.0 Sb,Se, 2]
131 7.3 420 29.2 59.7 Sb,Se; 2
1.33 8.6 520 27.8 59.8 Sb,Se, B3]
135 10.1 551 26.0 70.1 Sb, (S,5e), [106]
137 7.1 480 247 60.0 AgBIS, 3]
139 8.9 482 26.8 68.5 AgBIS, B3P
139 9.2 495 27.1 68.4 AgBiS, B3]
1.41 6.3 450 22.1 63.0 AgBiS, [107]
1.48 10.8 631 25.3 67.4 Sb, (S,Se); 30]
1.45 8.5 625 244 55.7 Cu,ZnGeSe, 3]
1.50 11.0 731 217 69.3 Cu,ZnSnS, 2
1.50 10.0 655 24.1 63.3 Sb, (S,Se); B
1.52 8.7 664 20.6 63.9 (Cup99A80.01) 1.85 (ZNnpgCdg2)1.15NS, [2]
1.53 8.5 670 204 62.1 Sb, (S,5€), [108]
1.54 10.7 673 237 66.8 Sb, (S,Se), 3]
1.54 9.7 638 232 65.5 Sb, (S,Se); B3]
1.55 10.2 736 21.0 65.8 Cu,ZnSnS, [109]
1.55 105 664 238 66.3 Sb, (S,Se); B3]
1.59 11.4 746 218 70.1 Cu,ZnSns, 6]
1.73 8.0 757 60.5 17.4 Sb,S, B3]
(Continued)
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Table 7. (Continued).

EgleV] PCE[%] Ve [mV] Joc[mA cm2] FF[%] Absorber material/Technology Refs.
1.80 7.5 71 16.1 65.0 Sb,S, 2]

1.84 4.9 680 13.7 53.0 Sb,S; [110]
1.95 5.8 870 10.8 62.1 Se [36]
1.97 5.2 991 10.0 52.4 Se [

? Certified power conversion efficiency; ) Notable exception included missing the aperture/mask area information.

Table 8. Single-junction research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap energy (from
the EQE spectrum) among established technologies.

E, [eV] PCE [%] Ve [MmV] Jec [MAcm™2] FF [%] Absorber material/ Technology Refs.
1.09 19.8 716 349 79.2 CIGS 212
1.10 21.7 718 40.7 74.3 CIGS [2]3)
1.1 26.7 751 41.2 86.5 Si 32
AN 26.7 738 42.7 84.9 si 29
1.13 229 744 38.8 79.5 CIGS 212
1.13 23.6 767 383 80.5 CIGS 1612
1.14 21.0 757 35.7 77.6 CIGS 2P
115 23.4 734 39.6 80.4 aGs 2P
1.18 20.0 706 40.7 69.7 Si [3]

1.30 16.3 762 31.4 68.1 IGs 2]

1.40 22.3 898 31.7 78.9 CdTe 1612
1.42 29.1 1127 29.8 86.7 GaAs 2P
1.42 21.0 876 303 79.4 CdTe 21
1.48 18.3 857 27.0 77.0 CdTe 2
1.60 15.2 902 23.1 73 CIGS [2]

1.60 10.2 396 16.4 69.8 Si (amorphous) 2P
1.69 10.6 396 16.1 75.6 Si (amorphous) 2]

1.85 10.1 886 16.8 67.0 Si (amorphous) 21

? Certified power conversion efficiency.

Table 9. Monolithic multijunction perovskite-based research solar cells with the highest efficiency: performance parameters as a function of the device
bandgap energies (from the EQE spectra) of the sub-cells.

Eg bottom Eg middier Egtop PCE Ve Jse FF Bottom absorber Middle, top absorber Refs.
[eV] [eV] [%6] [mV] [mA cm~?] [%6] material material(s)
Si/perovskite
m 1.63 24.1 1786 19.5 69.1 Si Cs,FA,_Pb(l,Br), 2]
11 1.66 26.0 1820 19.2 75.4 Si Cs0.1MA4PbBrg 51, 2
m 1.67 33.7 1974 21.0 813 Si ab) 6]
111 1.67 29.8 1920 19.5 79.4 Si [40]
C50.209 FA0.741MAg 05 PDBI0 4275 Clo 1512 4225
111 1.67 26.7 1756 19.2 79.2 Si [2]
FAg.65MAg 2 Csg 15 PbBro gl 4:PEA(lg 25SCNo 75)
1.1 1.68 25.7 1781 19.1 75.4 Si Cs.05FAggMAG 15PbBrg 75 15 55 [2]3)
1.1 1.69 29.8 1190 19.5 79.8 Si ab) [3]
111 1.69 29.2 1929 19.5 776 Si C50.05FA0.703MAg 247PbBro 7515 55 [112]
1.12 1.55 223 1700 17.5 75.0 Si FAMAPbDI, [113]
(Continued)
Adv. Energy Mater. 2024, 14, 2303173 2303173 (22 of 39) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 8dedt|dde au Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIHIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUORIpUOD pue swie | 8y} 89S *[5z202/c0/T] Uo ARiqiauluo A8 |1 'Ind uljieg wnnuez-z)oywpH Ad ££TE0EZ02 WUSe/Z00T 0T/I0p/W0d A8 | 1mAke.q Ul [uo'peoueApe;/Sdny wouy pepeojumod v ‘%20z ‘0v89rTaT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
Table 9. (Continued).

Eg bottom Eg middier Egtop PCE Ve Jse FF Bottom absorber Middle, top absorber Refs.
[eV] [eV] [%] [mV] [mA cm™?] [%] material material(s)
1.12 1.64 26.0 1760 19.2 76.5 Si FAg.53MAg 17 Pbl; 2]
112 1.65 265 1760 19.4 77.0 Si Cs005 FAg79MAg 16PbBro 51 140 2]
112 1.68 28.8 1895 19.2 78.9 si Cs0.05FAg.73MAg 5Pb Brogols 31 2
(29.2)9
1.13 1.69 325 1980 20.2 81.2 Si [4012)
C50.200 FA0.741MAg 05 PDBrg 4275 Clo 15 12,4225
113 1.69 313 1910 205 79.8 Si Cs015FAg52Pb(Br1)3 41
113 1.67 283 1776 20.1 79.6 Si FAMAPb (Br,Cl, ), B3P
1.13 1.65 249 1735 19.5 73.5 Si CsFAPb(Br,l); [2]
113 1.67 27.1 1886 19.1 75.3 Si CsFAMAPb(Br,Cl,1), 2]
113 1.68 289 1850 19.8 78.9 Si CsFAPb(Br,1)3:MA(Cly sSCNg )25 [114]
113 1.68 279 1833 19.4 775 Si CsFAPb(Br,1)3:MA(Cly sSCNg 5) 255 [114p)
113 1.69 29.5 1884 203 77.3 Si ab) 12
1.4 1.68 27.5 1779 19.6 78.9 Si C50.22FAg.73PbBro.45Clo oo 55 3]
1.14 1.69 26.8 1891 17.8 79.4 Si ab) 3]
1.14 1.69 26.0 1780 18.2 80.2 Si C50.15 FAg 7055 MAg 1445 PbBro 61 B3]
1.15 1.62 20.9 1690 15.9 77.6 Si MAPbI; [2]
1.15 1.68 25.4 1800 17.8 79.4 Si Cs0.15FA71MAg 14PbBro 6l 4 2]
115 1.68 25.0 1770 18.4 77.0 Si CS0.25FA.75PbBrog 1.4 2]
1.16 1.62 19.2 1701 16.1 70.1 Si MAPbI, [2]
117 1.63 26.4 1804 18.1 80.6 Si FAg.g3MAqg 17PbBry 5115 40 [115]
117 1.63 237 1770 179 74.5 Si FAg.53MAg 17PbBry 5115 49 [msp
117 1.63 19.5 1772 17.7 62.3 Si FAg.g3MAqg 17PbBry 115 40 sy
GaAs/perovskite
1.42 1.85 24.3 2160 143 78.8 GaAs C50.16FA0.50MAg 0 PDBI 5011 50 2]
CIGS/perovskite
1.01 1.61 243 1570 210 73.6 CulnSe, CS.05 FAgssMAg 1 Pbl, ;Bro 5 B3]
1.01 1.61 235 1590 19.4 75.5 CulnSe, C5.05 FAggsMAg 1 Pbl, ;Bro 5 B3P
1.08 1.64 23.5 1700 19.5 71.0 Cu(In,Ga)Se, C50.05 FAg 7835 MAg 1615 PPBro 51149 [116]
1.10 1.65 224 1774 173 73.1 Cu(In,Ga)Se, C50.05FAg.77MAg 14PbBrg 43 15 55 2
111 1.64 216 1580 18.0 76.0 Cu(In,Ga)Se, C50.05 FAo 7335 MAg 1615 PPBro 5115 49 12
IAN 1.65 233 1680 19.2 71.9 Cu(In,Ga)Se, CS0.05 FAg 7885 MAg 1615 PPBFo 5112 49 12
1 1.68 242 1770 18.8 71.2 Cu(In,Ga)Se, C50.05 FA0 7315 MAg 2185 PDBFo 60l 31 B3]
112 1.68 24.2 1768 19.2 72.9 Cu(In,Ga)Se, ab) 12
Perovskite/perovskite
1.25 1.78 27.1 2200 153 80.8 FAgsMAq,Pby4 Snogl;  Cs0.3DMAO.TFAQ.6PbBr0.912.1 117]
1.25 1.80 28.4 211 16.5 815 FAo7MAg3PbosSngsl;  CsgyFAggPbBry 14l g6 [42]
1.25 1.80 28.0 2125 16.4 80.3 FAq;MAg3PbysSngsls  CsoyFAgsPbBI) 14l g6 {429
1.25 1.80 28.2 2159 16.6 78.9 ab) ab) 6]
1.25 1.80 26.3 2044 16.5 78.1 Csg,FAGsPb Bryq14ly g6 FA7MAq 3Pbg sSngsls BP9
(26.4)9
1.26 1.79 23.1 1950 15.8 75.0 Csg.05 (FAMAg o5) Ko 05 Pb (Brl) 5 [3]
FAo.66MAg 34Pbg 5Sng 513
1.26 1.80 29.1 2952 16.5 81.7 ab) ab) 6]
1.26 1.80 27.1 2132 15.5 82.4 Csg,FA3Pbl,gBry, [118]
Cs9.1FAg§MAg3PbgsSng sl
1.26 1.80 26.0 2123 15.3 80.0 Csg,FAgPblygBry, (11872
Csp.1FAg6MAg3PbysSng sl
1.26 1.80 26.2 2040 16 80.1 FAg7MAq 3Pbg sSngsls Csg4DMAg 1 FA, sPbBr 71 Clo 151514 [3]
1.26 1.80 25.6 2000 16.1 79.6 FAg7MAq3PbgsSngsls CsPbBr,I5_, [49]
(Continued)
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Table 9. (Continued).

Eg bottom Eg middier Egtop PCE Ve Jse FF Bottom absorber Middle, top absorber Refs.
[eV] [eV] [%] [mV] [mA cm™2] [9%] material material(s)
1.26 1.82 26.3 2130 152 81.0 Cs0,FAqsPbBr ;115 (74
Cs0,05FAg.7MAg 25 Pbg s Sho sl
1.26 1.82 24.0 1986 15.8 76.6 Csp,FAggPbBr 1 g 21
FSA:FAg7MAq 3Pbg 5Sng 51
1.26 1.82 25.5 2009 15.9 79.8 Csg,FAsPbBr 511 g 2]
FSA:FAg;MAg3Pbg 5Sng 51
1.26 1.84 26.6 2119 15.2 82.4 FAg5Cs02PbBry 511 (52>
FAg6MAg3Cs01Sng5Pbgs 13
1.27 1.72 22.9 1915 15.0 79.8 FAgsMAg4PbosShoels  CsposFAgsMAg 15Pb Bro gslyss 21
127 1.81 25.1 2021 15.6 79.5 FAg;MAg3PbosSngsl;  Cso,FAggPbBry ;g 78]
127 1.81 24.3 2030 15.2 78.8 C50.4FAGPbBIY g5 |1 o5 2]
Cs0.05FAg.sMAg 45 Pbg s Shg sl
127 1.81 24.5 1927 15.9 80.0 FAg;MAg3PbosSngsl;  Cso,FAggPbBry ;g 29
1.27 1.82 23.2 1890 15.4 79.8 Csp2FAg5PbgsSngsls Csp,FAQsPbBr, 114 3]
127 1.85 23.4 2000 15.0 77.8 Cs017FA0s3PbosSMosls  CsgsFAgs7MAg 35PbBr 5l g [119]
1.28 1.73 23.1 1880 16.0 77.0 Csg25FAg75PbosSngsl;  Csp3DMA; FA¢PbBrygl, 4 2]
1.28 1.79 245 18 17.16 Cs0025FPo47sMAGsSngs  FAqgCsg,PblgBry 5 176]
79.31883 Pbo.sBroors 12,005
OPV/perovskite
1.21 1.83 21.7 1880 15.7 73.5 PTB7-Th:BTPV-4Cl-eC9  FAgsMA, 4PbBr; 14 3]
1.25 1.91 15.0 1710 12.0 73.4 PTB7- CsPbBrl, [2]
Th:COI8DFIC:PC;,BM
135 1.91 232 2150 13.4 80.3 D18-Cl:N3:PCq,BM CsPbBrylho [120]
135 191 217 2150 13.0 775 D18-CI:N3:PC4,BM CsPbBr, 1o (120
1.38 1.91 21.1 1960 13.3 80.9 PM6:Y6-BO CsPbBrl, [2]
1.38 1.88 23.4 2136 14.6 75.2 ab) ab) 3]
1.38 1.88 21.4 2078 13.2 77.9 PM6:CH1007 CsPbBry,lhg (212
1.38 1.88 22.4 2095 13.9 77.0 PM6:CH1007 CsPbBry,lhg [21]
1.40 1.81 23.6 2063 14.8 77.2 PM6:Y6:P,;,CBM Csg.25FAg 75PbBry 511 5 177]
1.40 1.81 225 2058 149 735 PM6:Y6:P,,CBM Csp25FAg75PbBr 511 5 779
1.40 1.83 15.1 1850 115 71.0 PBDB-T:SN6IC-4F Csg.1FA5sMAg 36PbBI 4115 21
1.40 1.82 19.5 1925 13.1 77.2 PBDBT-2F:Y6:PC;BM  Csg15FAgsMAG 0, PBBI ;115 29
1.40 1.82 20.4 1902 13.1 815 PBDBT-2F:Y6:PC;BM  Csg15FAgsMAG 0, PBBI 115 2]
1.41 1.86 23.8 2140 14.1 79.0 PM6:Y6:PC; BM FAg5Cso2PbBr sl s [122]
DSSC/perovskite
1.59 1.93 10.5 1170 12.9 70.0 N719 [2]
FAo.gs MAg 15 PbBrg 4515 49
Triple-junction
1.08 1.53,1.89 222 2780 102 78.6 Si Csp1FAggsMAg s Pbls, [123]
MAPbBr; 45 Clo 4515
1.13 1.54,1.91 20.1 2740 8.5 86.0 Si Csg1FAggPbls, Csg,FAGgPbBry g5l 35 [3]
1.23 1.57, 1.78 16.8 2780 7.4 81 FAg 66 MA 34Pb Brg 1515 g5, [3]
FAo66MAg34PbosSno sty Csg 1 FAg 594 MAg 306 PbBII,
1.26 1.65, 2.06 19.9 2793 8.8 80.7 FAq7MAq 3Pby sSngsls Cs.05 FAg.05PbBro 45 1 55, [3]
Csg2FAgsPbBr 109
1.26 1.6, 1.99 233 3181 9.61 76.2 Csg.05 FAgoMAg s PbBry 315 7, 39
Cs0.05FAg7MAg 55Pby SN CsggsRbyg 15 PbBry 5515 75
05l3.00sSNF
1.26 1.6, 1.99 243 3215 9.71 77.9 Csg.05 FAg.oMAg s PbBro 315 7, [39]
Cs0.05FAg7MAg 5Py sSn CsggsRbg 15PbBry 5515 75
05!3.005SnF

? Certified power conversion efficiency; ®) Notable exception included as a large area highlight, or a PCE highlight without the absorber material information; Yin parentheses,
the certified efficiency from MPP tracking.
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Table 10. Monolithic multijunction organic- and dye sensitized-based research solar cells with the highest efficiency: performance parameters as a
function of the device bandgap energies (from the EQE spectra) of the sub-cells.

Eg bottom [eV] Egtop [eV] PCE [%)] Ve [mV] Joc [MAcm™2] FF [%)] Bottom absorber Top absorber Refs.
OPV/OPV
1.21 1.58 19.0 1690 15.0 74.8 PTB7-Th:BTPSeV-4F PM6:01-Br [124]
1.23 1.66 16.4 1650 14.5 68.5 PTB7-Th:BTPV-4F:PC;,BM PM6:m-DTC-2F [2]
1.24 1.72 17.3 1640 14.4 73.3 PTB7-Th:06T-4F:PC;,BM PBDB-T:F-M [2]
1.31 1.64 15.9 1660 14.1 68.0 PM6:SFT8-4F PCE-10:BT-CIC:BEIT-4F [2]
1.32 1.65 15.0 1600 13.6 69.0 PTB7-Th:PCDTBT:IEICO-4F PBDB-T-2F:TfIF-4FIC [2]
1.32 1.74 19.6 1910 14.2 72.4 PBDB-TF:ITCC PBDB-TF:BTP-eC11 [2]
1.32 1.74 19.5 1912 14.2 72.0 PBDB-TF:ITCC PBDB-TF:BTP-eC11 [2]
1.36 1.73 18.7 1883 14.0 70.9 PM6:CH1007:PC,,BM D18:F-ThBr [3]
1.37 1.73 15.2 1610 12.9 73.0 PM6:Y6 PV2000:PCBM [2]
1.37 1.77 20.3 2020 13.2 76.0 BTP-eC9:AITC:PBDB-TCI AITC:PFBCPZ [43]
1.37 1.77 20.6 2020 13.3 76.6 BTP-eC9:AITC:PBDB-TCI AITC:PFBCPZ [43]
1.38 1.80 20.3 2010 13.1 76.8 PBDB-TF:GS-ISO PBDM-TF:BTp-eC9 [3]
1.38 1.80 203 2010 13.1 76.8 PBDB-TF:GS-ISO PBDM-TF:BTp-eC9 [3]
1.39 1.78 19.6 2030 13.0 74.2 PBDB-TF:HDO-4Cl:BTP-eC9 PB2:GS-ISO [125]
1.40 1.71 20.0 1960 135 75.9 PB4:FTCC-Br PBQx-TCI:PBDB-TF:eC9- 133]
2Cl
1.42 1.79 15.0 1590 13.3 71.0 PCE-10:BTCIC DTDCPB:Cy, [2]
1.45 1.76 17.9 2000 1.7 76.3 PM6:PY-IT PM7:PIDT [126]
1.48 1.74 14.1 1710 11.7 70.0 PTB7-Th: NOBDT PBDB-T: F-M [2]
OPV/a-Si
1.33 1.78 15.1 1610 13.2 71.0 PTB7-Th:IEICO-4F a-Si [2]
Si/DSSC
1.1 1.84 14.7 580 40.9 62.0 Si N719 [2]
1.24 1.67 17.2 1360 18.1 69.3 Si SGT-021 [2]
CIGS/DSSC
1.21 1.82 13.0 1170 14.6 77.0 CIGS N719 [2]
1.22 1.90 12.4 1435 14.1 61.0 CIGS N719 [2]
1.22 1.82 15.1 1450 14.1 74.0 CIGS N719 [2]
DSSC/DSSC
1.40 1.98 11.4 1400 12.2 66.7 DX1 N719 [2]
1.44 1.95 10.4 1450 10.8 67 N719 Black dye [2]
1.67 1.98 12.3 1825 10.3 65 SGT-121/HC-A1 SGT-021/HC-A4 [3]
1.78 237 7.1 1420 7.2 69 N719 D131 [2]

Table 11. Monolithic multijunction research solar cells with the highest efficiency: performance parameters as a function of the device bandgap energies

(from the EQE spectra) of the sub-cells among other established technologies.

Eg bottom [€V] Eg middler Egtop, [€V] PCE [%)] Voo [MV] Joe [MAcm™?] FF [%] Bottom absorber Middle, top Refs.
absorber(s)
GaAs/GalnP
1.35 1.90 329 2500 15.4 85.7 GaAs GalnP [2]
1.41 1.88 32.8 2568 14.66 87.7 GaAs GalnP [2]
1.41 1.92 27.4 2400 13.1 88.0 GaAs GalnP [2]
1.42 1.85 31.6 2538 14.2 87.7 GaAs GalnP [2]
Si/GaAsP
1.17 1.90 234 1732 17.34 77.7 Si GaAsP [2]
nc-Si/a-Si
1.36 1.93 11.8 1428 12.27 67.5 nc-Si a-Si [2]
(Continued)
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Table 11. (Continued).

Eg bottom [€V] Eg middier Egptop, [€V] PCE [%] Vo [MV] Joe [MAcm™2] FF [%] Bottom absorber Middle, top Refs.
absorber(s)
Triple-junction cells
0.92 1.33,1.88 39.5 3000 15.4 85.3 InGaAs GaAs, InGaP [3]
0.98 1.41,1.89 37.7 3014 14.6 86.0 InGaAs GaAs, InGaP [3]
1.09 1.42,1.92 19.1 2510 9.9 77.0 GaAsBi GaAs, AlGaAs [127]
1.13 1.48, 1.93 35.9 3248 13.1 84.3 Si GalnAsP, InGaP [3]
1.01 1.50, 1.92 28.1 2952 11.7 81.1 CIGS AlGaAs/GalnP [3]
1.30 1.27,2.03 14.0 1922 9.9 73.4 nc-Si nc-Si, a-Si [3]

Table 12. Flexible perovskite single-junction research solar cells with the highest efficiency: performance parameters as a function of photovoltaic bandgap

energy (from the EQE spectrum).

Eg [eV] PCE[%] V. [mV] Ji [MAcm™2] FF [%)] Absorber perovskite Refs.
1.44 8.5 650 20.8 62.9 FAGeg;Sngsls 3]
1.53 23.2 1145 25.2 80.5 FAPbI, [128]
1.53 21.0 1140 25.1 73.5 FAPbI, [128]2)
1.53 22.1 1130 23.9 81.8 FAMAPbI, [129]
1.53 20.5 1070 23.6 81.2 FAMAPbI, 3]
1.53 20.2 1123 24.7 72.9 FA¢.57MAq 13 Pb(Cl,1)5 2]
1.54 22.4 1151 23.4 82.9 FAMAPbI, 3]
1.54 22.4 1170 24.6 77.8 Cso1FAoPbl; 3]
1.55 23.4 1164 24.8 80.9 Cs0.05 FA.931MAg 019 PbBro o612 04 [44p?
1.55 23.7 1172 24.9 81.3 Cs0.05 FA0.931MAg 919 PbBro o612 04 [44]
1.55 213 1160 24.2 76.0 Cs0.05 FA0.931MAg 019 PbBro o612 04 [441P
1.56 21.7 1127 24.8 77.7 C50.05 FAg.031MAg 016 PbBrg o1 64/ PM6:CH 1007:PCBM 3]
1.56 20.8 1190 21.9 79.6 FAg.9s MAg 05 PbBrg 1515 55 2]
1.56 20.3 1160 23.4 74.8 FAg.05 MAg 05 PbBrg 1515 g5 2]
1.56 19.9 1109 23.2 77.3 Cs0s FA.747MAg 153 Rbg o5 PbBr 1515 g5 2P
1.56 19.9 1192 219 76.3 FAo.05 MAg o5 PbBro 1515 g5 2P
1.57 22.1 1200 22.8 80.9 Cs.05 FAG.90MAg o5 PbBro 1515 5 [130]
1.57 19.5 1110 23.1 76.0 C50.03 FAG.945 MAg 025 PbBrg 075 15 075 2]
1.57 19.5 1105 23.1 76.1 CsFAMAPb (Br,), [131]
1.58 19.2 1120 21.7 78.9 C50.03FA057MAg 05 PbBr 1515 55 2
1.59 19.9 1120 23.0 77.5 FAMAPb (Br,l)5 2]
1.59 19.3 1090 22.7 78.1 MAPbI;~NH,Cl 121
1.59 20.2 1120 222 81.1 FAMAPbBrl 3]
1.60 20.6 1110 23.0 80.7 CsFAMAPbBr| B3]
1.60 20.5 1140 23.5 76.5 Cs0.04FAG86MAg 1PbBrg 2015 71 B3]
1.60 17.8 1060 21.8 773 CsFAMAPDbBrl [316)
1.61 173 1062 21.7 74.9 Csp,05 FA.g1MAG 14PbBry 4515 55 [212)
1.61 19.1 1135 212 79.2 C50.05 FAG.75Ko.04 MAg 15 Rbg 01 PbBrg 5115 49 2]
1.62 20.1 1150 224 78.0 C50.04 FAG.5064 MAg 1536 PbBro s |25 2]
1.62 18.0 1120 22.3 72.1 C50.06FAg 79 MAg 15 PbBrg 45 |5 55 2
1.63 14.9 1030 21.5 67.3 MAPbI, 3]
1.63 10.4 1030 19.2 52.8 FAo.55MAg 15 PbBro ssly ss 2]
1.65 11.2 940 18.4 64.9 MAPbI, 121
1.65 7.9 1090 10.8 70.7 (a-FAPbI3) o5 (MAPbI,Br)o 2]

? Certified power conversion efficiency; ® Notable exception included as materials and/or large area highlights.
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Table 13. Flexible organic single-junction research solar cells with the highest efficiency: performance parameters as a function of photovoltaic bandgap
energy (from the EQE spectrum).

Eg [eV] PCE [%] V,e [mV] Jsc [MAcm™2] FF [%] Absorber blend Refs.
1.27 7.4 708 15.9 65.2 PTB7-Th:COi 8DFIC:PC;,BM [2]
1.32 10.6 690 243 63.2 PTB7-Th:IEICO-4F [2]
1.36 16.6 821 26.8 75.4 PM6:BTP-4Cl-12 [3]
1.37 16.1 840 25.0 76.7 PM6:N3:PC;,BM [2]
1.38 12.0 827 21.6 67.4 PM6:BTP-4Cl-12 [3]“)
1.38 17.5 835 27.4 76.7 PM6:BTP-eC9:PC;,BM 3]
1.39 16.1 820 25.9 75.8 PM6:BTP-eC9:PC,,BM 2
1.39 15.9 864 25.0 73.5 D-18-Cl:G19:Y6 [3]
1.39 15.7 830 25.4 74.5 PM6:BTP-eC9 [132]
1.39 14.4 830 25.4 68.3 PM6:BTP-eC9 [132]b)
1.40 17.2 870 25.5 77.3 PM6:L8-BO [45)
1.40 17.4 869 25.5 78.5 PM6:L8-BO [45]
1.40 16.1 860 25.9 74.7 PM6:Y6 [2]
1.40 15.2 832 25.1 73.0 PM6:Y6 [2]
1.40 17.1 830 27.4 74.9 PM6:BTP-eC9:PC;,BM [3]
1.41 15.2 830 25.0 73.3 PM6:Y6 [3]
1.41 15.1 847 24.9 71.6 PM6:Y6:C6 [2]
1.42 16.6 860 25.9 74.7 PM6:Y6 [2]
1.43 16.5 925 23.6 75.6 PBQx-TF:PBDB-TF:PY-IT [93]
1.44 10.7 943 17.7 64.3 D18:(40)-b-PYIT [133]
1.44 10.4 848 17.0 72.2 PM6:Y6 [2]
1.45 16.6 860 25.5 75.8 PM6:L8-BO [134]
1.55 12.0 840 19.5 733 PM6:1T-4F [2]
1.56 11.6 820 19.6 72.2 PM6:IT-4F [2]
1.56 12.1 826 20.9 70.1 PM6:IT-4F [2]
1.61 10.9 900 18.7 64.8 PBDB-T:ITIC [2]
1.63 9.2 770 16.0 74.7 PTB7-Th:PC;,BM [2]
1.65 9.3 820 16.5 68.7 J51:ITIC 2
1.65 8.2 890 13.4 68.6 PBDB-T:ITIC [2]
1.82 7.2 925 10.9 71.3 JP02 [2]
2.01 3.7 592 10.4 59.2 P3HT:PCBM [2]

? Certified power conversion efficiency; ® Notable exception included as a material and/or high area cell highlight.

Table 14. Flexible dye-sensitized single-junction research solar cells with the highest efficiency: performance parameters as a function of device absorber
bandgap energy (from the EQE spectrum).

E, [eV] PCE [%] Voo [MmV] Joc [MA cm2] FF [%] Sensitizing dye Refs.

1.65 41 770 9.9 53.9 N719 2

1.74 4.6 750 10.5 58.0 N719 [2]

1.75 7.6 732 15.0 69.2 N719 2P

1.78 7.5 725 15.4 67.5 N719 [2]

1.79 6.5 729 13.2 68.0 N719 [2]

1.80 6.3 732 13.1 66.0 N719 2

181 6.3 754 123 67.9 (H-1)05(5Q2)0 2]

183 5.0 735 10.0 67.8 N719 [2]

1.88 6.0 750 1.2 710 N719 2]

1.90 4.2 680 10.7 57.7 N719 [2]
(Continued)
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Table 14. (Continued).

E, [eV] PCE [%] Voo [MmV] Joc [MA cm2] FF [%] Sensitizing dye Refs.
1.94 4.2 710 10.3 57.2 N719 [2]
1.95 4.9 702 11.2 62.3 N719 [2]
2.02 3.9 720 11.9 45.2 N719 [3]
2.12 5.4 680 10.4 76.3 N719 [2]

? Certified power conversion efficiency.

Table 15. Flexible monolithic multijunction research solar cells with the highest efficiency: performance parameters as a function of photovoltaic bandgap
energies (from the EQE spectrum) of each sub-cell. For triple-junction devices the middle and top sub-cell values are listed with a comma separator.

Eg bottom [€V] Egop V] PCE [%] Voo [mV] Joc [MAcm™2] FF [%] Bottom absorber material Top absorber material (s) Refs.

Double junction cells

1.25 1.78 247 2000 15.8 783 FAg;MAq3Pby 5Sng sl Cs02FAggPbBIy g5l o B3]

1.25 1.78 24.4 2016 15.6 77.3 FAqsMAg 3Pby sSng sl Csp2FAo5PbBr g5 05 B

1.26 1.79 23.8 2100 15.1 75.1 FAgsMAq 4Pbg 4Snols B3]
Cs0.12FA0sMAg 05 PbBry 5 115

1.27 1.81 238 2015 15.5 76.1 FAg;MAq3Pby 5Sng sl Csp,FAqgPbBr 1 g 78]

1.28 1.73 213 1820 15.6 75.0 FAg.75CS0.25SMo.s Pbgis 3 2]
Csg3DMAg 1FA6PbBrogls 4

1.40 1.82 13.6 1800 1.1 68.3 PBDB-T:SN6IC-4F [2]
Cs0.1FAg54MAg36PbBry 51

1.41 1.86 304 2547 14.3 84.7 GaAs InGaP [2]

1.41 1.92 27.4 2400 13.1 88.0 GaAs InGaP [2]

Triple junction cells
1.00 141,191 30.2 3043 16.1 84,5 Gag 73Ing 57As GaAs, Gag s1INg.4P b)

% Certified power conversion efficiency; b)J—V measured under AMO 136.7 mW cm™2.

Table 16. Flexible single junction research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap energy
(from the EQE spectrum) among emerging inorganic technologies.

E; [eV] PCE [%] Vi, [mV] Joe [MAcm™2] FF [%] Absorber material Refs.
1.04 44 394 23.9 46.4 Cu,Cd, Zn,,Sn(S,Se), 3]
1.07 49 358 28.7 473 Cu,ZnSn(S,Se), 3]
1.09 8.7 401 36.5 59.4 Cu,ZnSn(S,Se), [135]
1.13 10.2 463 35.7 62.0 Cu,ZnSn(S,Se), B3]
116 112 539 33.1 62.8 Cu,ZnSn(S,Se), 2]
1.32 6.13 415 255 57.9 Sb,Se, 2]
1.52 0.6 204 7.6 35.5 Cu,ZnSns, 2]
1.59 6.5 601 22.6 48.0 CZTSSe 3]
1.80 3.8 650 11.6 49.5 Sb,S; [136]

Table 17. Flexible single-junction research solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap
energy (from the EQE spectrum) among established inorganic technologies.

Eg [eV] PCE [%] Voo [mV] Joc [MAcm™?] FF [%] Absorber material/ Refs.
Technology

11 15 526 33.8 64.6 CIGSSe 3]

1.14 17.0 656 36.6 70.8 Si [2]

1.15 18.9 693 35.8 76.3 CIGS [137]

117 18.9 608 39,5031 63.0 Si 2]

1.17 12.0 580 35.8 58.4 CIGS [2]
(Continued)
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Table 17. (Continued).

Eg [eV] PCE [%] Voo [mV] Joe [MAcm™2) FF [%] Absorber material/ Refs.
Technology
1.18 17.6 698 339 74.4 CIGS [137]
1.20 20.4 736 35.1 78.9 cIcs 21
1.22 18.7 720 35.0 74.4 cIGs 2]
1.32 8.4 550 24.3 63.0 Si [2]
1.42 22.1 980 27.1 83.4 GaAs 2
1.45 13.5 786 221 77.7 GaAs [3]
1.45 12.6 829 23.6 64.3 CdTe [138]
1.46 14.1 821 243 70.3 CdTe BR
1.46 16.4 831 25.5 77.4 CdTe [2]
1.49 11.5 821 22.0 63.9 CdTe [2]
1.79 8.8 838 14.3 70 a-Si:H [2]
1.88 8.2 820 15.6 64.0 a-Si:H 2]

? Certified power conversion efficiency.

Table 18. Transparent/semitransparent perovskite solar cells with the highest efficiency: performance parameters as a function of AVT and the photo-
voltaic bandgap energy (from the EQE spectrum). For the tandem cells, the bandgap energies and absorber materials for the bottom and top sub-cells
are separated with a comma, in that order.

AVT [%)] Eg [eV] PCE [%)] Vo [MV] Joc [MAcm™2] FF [%] Absorber Refs.
2 165 19.9 1189 203 82.0 Cs0.15 FAosMAg 05 PbBrg 54 46 [68]
3 1.67 16.3 1099 18.9 783 .25 FAo75 PbBrogly 4 B3]
3 164 15.7 1070 19.0 77.2 C50,.175 FAg 75 MAg 75 PbBIo 375 | 625 2]
3 1.53 12.2 1017 17.5 68.5 MAPbI; [2]
4 163 18.2 1076 211 80.0 CsFAMAPb (Brl), 2
5 1.60 19.1 1120 23.2 73.4 MAPbI; [3]
5 1.60 16.5 1080 206 742 MAPbI, 2]
5 161 12.0 960 19.2 653 MAPbCL 15, 2]
5 1.65 11.2 940 18.4 64.9 MAPbI; [2]
6 1.60 158 1100 19.3 74.4 MAPbI, 2]
7 162 183 1100 219 75.8 MAPbBrg 1,1, g [139]
7 1.55 13.6 988 20.4 67.5 MAPbI, [2]
8 152 19.8 137 219 79.5 C50.05 FAg o5 bl 2]
9 163 17.8 1120 193 82.7 4.1 FAgs7 PbBro 01561 3]
9 164 17.4 1083 215 75.1 54,175 FAg 525 PDBro 375 1 65 2]
10 1.78 1.3 1190 15.0 63.1 CsPbl, [140]
10 1.59 17.5 1070 22.4 73.1 MAPbI; [2]
10 1.65 16.1 1060 20.4 745 C0.0s FAo507sMAg 1425 PbBro a5 7 55 2]
12 127,180  15.0 1940 11.4 68.0 Cs, (FAg 53MAo.17) 14 Pbos SMios |, C502FAgsBr12 118 [46]
12 1.60 13.2 1000 19.5 67.8 MAPbI; [2]
13 167 14.9 1100 19.8 68.4 MAPbBro 1, s 2]
13 188 132 1298 138 74.1 g2 FAg 75 PbBr 11 5 B3]
14 164 13.6 1048 16.5 78.6 50175 FAo325 PDBTo 375 |y 575 21
14 157 13.0 970 19.1 69.9 MAPbI, Cl, 2]
15 164 1.4 1094 16.8 62.0 50,05 FAo775 MAg 1615 PbBro 5115 46 3]
15 161 1.9 1000 178 66.3 MAPbI, 2
16 1.76 13.7 1120 16.7 73.4 MAPbBrl, [2]
17 165 12.8 1040 16.6 741 C0.0s FAog07sMAg 1425 PbBIg 4515 55 2]
18 1.77 12.2 1110 15.1 72.7 MAPbBrl, [2]
(Continued)
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Table 18. (Continued).

AVT [%] Eg [eV] PCE [%] Voo [MV] Joe [MAcm™2) FF [%] Absorber Refs.
18 1.53 9.1 1017 14.6 61.5 MAPbI, 2]
19 1.55 8.8 941 13.7 68.3 MAPbI, [2]
20 1.63 1.7 1080 14.5 74.6 MAPbI;+ BiPy-I 2]
20 1.63 14.7 1108 176 75.2 K, C50.05 FA0 3075 MAg 1425 PbBIoss | 55 2]
21 1.63 142 mz 17.4 73.2 K, C50.05 FAo 8075 MAg 1425 PbBIg 45 | 55 2]
22 1.61 13.2 1073 17.2 71.7 K, C50.05 FA0 8075 MAg 1425 PbBIg 45 | 55 2]
23 1.61 12.3 1082 17.1 66.6 Ky Cs0.05 FA0.8075s MAg 1425 PbBro 4515 55 [2]
23 1.62 11.3 1040 15.1 723 MAPbI, [2]
23 1.57 10.8 970 17.3 64.4 MAPbCI 15, 2]
23 1.88 8.6 1236 10.0 69.9 Cs0.25FA 75 PbBry 5l 5 3]
24 1.87 9.4 1120 13.6 61.6 MAPbBr, ;5 2]
25 1.55 10.8 950 16.3 69.7 MAPbI, 2]
26 1.63 10.2 1070 12.2 78.1 MAPbI, [2]
27 1.60 12.1 1000 18.3 66.2 MAPbl 2]
28 1.60 8.5 964 13.1 66.8 MAPbCI, 15 [2]
28 1.57 8.1 1030 1.2 70.2 MAPBCL, I, , 2]
30 1.62 12.8 1030 16.5 74.9 MAPbCI, 15, [2]
30 1.65 7.4 1010 11.8 62.2 Cs0.05 FA0.8075s MAg 1425 PbBro 4515 55 [2]
31 1.27, 1.80 9.3 1940 7.9 61.0 Cs, (FAo83MAg 17) 1xPbo.sShossls, CsoaFAGeBr 211 g [46]
31 1.69 11.9 1050 16.3 69.4 MAPbBrq s, 5 2]
33 1.55 7.3 1037 13.4 525 MAPbDI; [2]
34 1.62 1.7 990 15.9 74.6 MAPBCL I, 2]
35 1.88 12.0 1289 12.9 723 Csgo5FAg 75PbBry sl 5 [3]
36 1.79 10.3 1080 14.6 65.5 MAPbBr I, [2]
37 1.62 10.8 1010 14.7 73.1 MAPbCl, |5, 2]
37 1.57 7.8 970 1.6 69.6 MAPbCL 1., 2]
38 1.63 10.7 1060 13.0 77.6 MAPbI, 2]
41 1.90 8.8 1110 12.8 62.2 MAPbBr; 5l 5 [2]
42 1.63 10.3 1000 13.6 75.6 MAPbCL, 15, [2]
45 1.64 8.5 960 12.6 73.5 MAPbCI, 15, [2]
46 1.57 3.6 1030 5.4 64.4 MAPbCI, 15 [2]
47 1.63 45 880 8.2 63.0 MAPbI, 2]
52 1.88 4.1 1125 5.8 63.0 Cs0.25FAg 75 PbBr 511 5 3]
66 2.62 1.1 1000 2.1 52.9 Cs,AgBiBrg [2]
68 235 7.8 1550 6.7 72.0 FAPbBr, 45Cly 57 [2]
72 2.62 1.5 960 2.1 74.3 Cs,AgBiBrg [2]
72 3.03 0.2 1110 0.6 354 MAPbCl, [2]
73 2.62 1.6 970 2.2 73.1 Cs,AgBiBrg 2]
73 2.84 0.5 1260 0.9 449 MAPbBr; 6Cl, 4 [2]
74 2.62 1.5 970 22 71.1 Cs,AgBiBrg [2]

Table 19. Transparent/semitransparent organic research solar cells with the highest efficiency: performance parameters as a function of AVT and the
photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] Eg [eV] PCE [%] Ve [MV] Joe [MAcm™2] FF [%] Active material Refs.

1 1.40 133 810 24.6 66.5 PM6:Y6 [2]

2 1.66 7.6 770 15.6 63.3 PBDTTT-C-T:PC;,BM [2]

3 1.40 12.6 800 245 64.5 PM6:Y6 [2]

6 147 12,0 870 19.6 70.4 PM?7/PTTHID-Cl/IT-4F 2
(Continued)
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Table 19. (Continued).

AVT [%] E, [eV] PCE [%] Ve [MmV] Joc [MAcm™?] FF [%] Active material Refs.
8 141 12.7 852 21.1 70.4 D18-Cl:Y6:PC;BM B3]
9 1.42 14.2 854 23.0 72.3 PM6:Y6 [2]
10 139 14.9 847 23.1 75.8 D18: N3 [147]
11 1.66 7.1 760 14.5 64.4 PBDTTT-C-T:PC;,BM [2]
13 1.42 13.3 853 21.7 71.9 PM6:Y6 [2]
14 1.40 13.6 850 21.1 75.8 PM6:Y6 [2]
14 1.41 12.0 844 19.6 72.8 PM6:Y6:C6 [2]
15 1.52 89 772 18.3 63.0 PTB7-Th:FNIC1 [2]
16 1.95 29 540 9.7 55.4 P3HT-PCBM [2]
17 1.39 12.6 810 21.2 73.2 PM6:Y6 [2]
18 139 11.7 810 20.7 69.6 PM6:Y6 [2]
19 1.42 13.6 830 234 70.2 PM6:Y7 [3]
19 1.42 12.4 852 20.4 71.4 PM6:Y6 [2]
20 137 14.0 820 23.0 743 PM6:Y6:SN3 [3]
20 139 14.6 860 22.8 74.7 PM6/ICBA:Y6 [3]
20 1.42 12.3 817 20.6 73.0 PM6:Y6 [2]
20 1.23 11.6 661 25.6 68.2 BTB7-Th:ATT-9 [3]
21 139 16.1 859 24.6 76.1 PM6-1r1:BTP-eC9:PC;,BM [3]
21 1.412 13.8 820 253 66.5 PM6:N3 [2]
22 1.41 12.9 831 20.9 743 D18:N3 [142]
25 1.34 11.0 750 20.9 70.0 PCE-10:A078 [2]
25 139 10.8 830 18.2 71.6 PBT1-C-2Cl: Y6 [143]
25 1.40 10.2 736 203 68.3 PTB7-Th:FOIC [2]
25 1.43 12.1 760 23.9 66.6 PM6:Y6 [3]
26 1.40 12.9 825 21.6 72.4 PM6:Y6 [2]
28 1.39 11.3 816 19.7 70.3 PM6:Y6-BO [3]
28 1419 8.9 810 16.8 65.1 PM6:N3 2
28 1.66 5.6 760 11.9 61.9 PBDTTT-C-T:PC;,BM [2]
29 1.412 7.8 800 15.2 64.7 PM6:N3 [2]
30 1.41 10.1 880 16.8 67.8 PBOF:eC9:LB-BO [144]
30 1.35 10.8 718 219 68.7 PTB7-Th:IEICO-4F [2]
31 1.39 12.0 758 22.8 69.5 PCE10-BDT2F-0.8:Y6 [3]
32 1.42 11.2 849 17.0 77.6 PM6:m-BTP-PhC6:BO-Cl [3]
33 139 12.3 781 22.0 71.3 PM6:PCE 10-2F:Y6 [145]
34 1.40 9.1 733 18.5 67.1 PTB7-Th:FOIC [2]
35 1.44 4.2 860 8.4 58.0 PBOF:eC9:LB-BO [144]
36 1.37 8.8 680 18.0 719 PCE-10:BT-CIC:TT-FIC [2]
36 1.86 6.9 890 11.6 66.5 PSEHTT:ICBA [2]
37 1.86 6.1 890 10.2 66.8 PSEHTT:ICBA [2]
38 133 5.7 700 12.4 66.23 PTB7-Th:IEICO-4F [2]
39 1.41 13.0 849 19.0 80.3 PBDB-TF:L8-BO:BTP-eC9 [3]
39 1.86 4.9 880 8.3 67.9 PSEHTT:ICBA [2]
25 1.43 9.7 770 20.0 63.0 PM6:Y6 [3]
43 1.34 8.1 730 16.3 68.1 PCE-10:A078 [2]
44 137 8.0 680 16.2 72.6 PCE-10:BT-CIC:TT-FIC [2]
44 139 8.2 806 15.1 67.2 PBT1-C-2Cl:Y6 [143]
46 1.34 10.8 750 20.4 70.6 PCE-10:A078 [2]
47 1.39 11.4 854 18.0 74.5 PM6:BTP-eC9:L8-BO [3]
47 1.34 7.1 730 143 68.0 PCE-10:A078 [2]
(Continued)
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Table 19. (Continued).

AVT [%] Eg [eV] PCE [%] Ve [MV] Joe [MAcm™2] FF [%] Active material Refs.
47 1.86 2.4 860 4.1 68.2 PSEHTT:ICBA [2]
49 1.37 72 670 14.8 72.6 PCE-10:BT-CIC:TT-FIC [2]
49 1.41 6.0 851 1.1 63.8 FC-S1:PM6:Y6-BO [146]
50 1.38 83 746 16.7 66.8 PTB7-Th:FOIC:PC;,BM [2]
51 1.39 7.4 749 14.7 66.7 PTB7:FOIC:PC71BM [2]
53 1.86 1.8 890 3.8 54.8 PSEHTT:ICBA [2]
53 1.32 5.7 750 10.6 69.5 DPP2T:IEICO-4F [2]
60 1.33 3.9 749 7.34 70.2 DPP2T:IEICO-4F [2]
62 1.33 5.9 690 12.9 66.0 PTB7-Th:6TIC-4F [2]

3 Eg taken from absorbance.

Table 20. Semitransparent/transparent dye-sensitized research solar cells with the highest efficiency: performance parameters as a function of AVT and
the photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] Eg [eV] PCE [%] Voo [mV] Joe [MA cm™2] FF [%] Sensitizing dye Refs.
1 2.00 5.2 780 12.4 53.7 N719 [2]
5 1.80 11.0 871 16.8 75.2 C268+Y1 [3]
9 2.00 4.5 780 103 56.0 N719 [2]
9 1.82 4.3 720 9.9 60.0 N719+SDA [2]
10 2.01 5.2 770 11.9 57.0 N719 [2]
10 2.00 4.9 765 11.4 56.1 N719 [2]
10 1.81 5.0 710 1.7 60.7 N719 [3]
13 1.68 10.1 851 14.9 80.2 SGT-021 2P
14 1.68 9.9 850 14.9 78.5 SGT-021 2P
15 1.68 9.6 850 14.7 772 SGT-021 2
17 1.68 9.8 855 15.1 75.5 SGT-021 2
18 2.00 8.6 750 16.7 68.4 N719 (EtOH) [2]
23 1.82 4.2 650 9.9 64.0 N719+SDA [2]
23 2.01 3.6 650 8.2 68.0 N719 [2]
24 2.00 7.8 794 17.4 56.3 N719 (EtOH) [2]
25 1.82 2.6 650 5.6 71.0 N719+SDA [2]
27 1.77 3.7 521 10.7 65.8 NPI [2]
30 2.19 1.5 640 33 70.0 N719 [2]
31 2.23 6.4 698 13.5 67.9 TPA-1 (EtOH) [2]
33 230 6.1 Al 12.5 68.3 TPA-2 (EtOH) [2]
36 2.23 6.1 766 14.5 54.7 TPA-1 (EtOH) [2]
37 2.46 35 648 8.0 67.5 Cz-2 [2]
38 231 5.7 769 13.6 54.2 TPA-2 (EtOH) [2]
43 1.95 7.8 720 15.3 70.8 PAdTPBP/BPEA 2P
69 1.39 3.1 422 1.2 65.6 VG20-Cy4 [2]
75 1.53 2.5 408 10.9 56.2 TB207 [3]
76 1.41 23 406 8.6 65.9 VG20-Cy [2]

. . . b .
? Selective absorption-like EQE spectrum; )Eg calculated from the transmittance spectrum.

Table 21. Semitransparent research solar cells with the highest efficiency among emerging inorganic technologies: performance parameters as a function
of AVT and the photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] Eg [eV] PCE [%] V,. [mV] Joc [MA cm™2] FF [%] Absorber/technology Refs.

1 146 3.0 475 146 4238 Cu,ZnSn(S,5e), 2]

8 183 34 679 12.1 420 Sb,S, 2
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Table 22. Semitransparent research solar cells with the highest efficiency among established inorganic technologies: performance parameters as a
function of AVT and photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] Eg [eV] PCE [%] V. [mV] Joc [MAcm™2] FF [%] Absorber/technology Refs.
2 1.23 10.0 640 233 66.9 CIGS [2]
5 1.26 9.8 630 22.9 67.6 CIGS [2]
7 1.92 6.6 881 11.8 63.7 a-Si:H 2]
9 130 9.8 630 20.9 741 CIGS [2]
9 1.28 6.5 597 229 46.5 CIGS [2]
11 1.34 8.4 620 20.4 66.3 CIGS [2]
16 1.83 7.5 810 14.2 65.3 a-Si:H [2]
17 1.83 7.7 810 14.1 67.3 a-Si:H [2]
18 2.05 59 720 14.1 583 a-SiGe:H [2]
18 1.50 59 710 14.6 57.4 CIGS [2]
19 1.87 7.3 820 13.1 67.6 a-Si:H [2]
19 1.30 6.9 640 16.6 64.7 CIGS [2]
19 1.34 6.5 580 17.5 63.5 CIGS [2]
20 1.64 1.7 495 8.9 40.8 CIGS [2]
22 2.05 5.5 760 12.3 58.6 a-Si:H [2]
23 1.92 6.0 830 10.6 68.2 a-Si:H [2]
24 1.682) 6.9 920 10.7 70.3 a-Si:H 121
37 1.54 0.4 101 14.7 27.2 CdTe [2]
45 2.6 1.1 596 39 473 a-Si:H 2]

2 E, taken from absorption spectrum.

Table 23. Transparent photovoltaic devices with the highest efficiency including research solar cells with transparent luminescent solar concentrators:
performance parameters (measured under the standard of Yang et al.)l'#7:148] as a function of the average visible transmittance and bandgap energy
(from the EQE spectrum).

AVT [%)] Eg [eV] PCE [%)] Voo [mV] Joc [MAcm™2] FF [%] Luminophore(s) /absorber Refs.
74 1.50 1.2 990 15 813 CO,8DFIC/GaAs B3]
75 1.64 3.0 1020 38 77.7 Cs,Mog g (CF;CF,COO):BODIPY/GaAs B3]
84 111 0.4 520 1.3 65.1 (TBA),MogCly, /Si 3]
86 1.52 0.4 500 1.2 66.7 Cy7-NHS/Si [3]
89 2.94 2.1 500 5.7 73.3 Si-CDs/PVA [47]

Table 24. Most operationally stable perovskite research solar cells in terms of the stability test energy yield for 200 and 1000 hours under simulated 1
sun illumination as a function of the device bandgap energy (from the EQE spectrum).

Eg [eV] O0hPCE 200h PCE 1000 h PCE E,o0h E1000h Absorber Comments Refs.
[%] [%] (%] [Whem=™2]  [Whem™2)
1.40 9.4 9.4 9.2 19 9.3 FASnl;+NaBH,+Dipl MPP, AM1.5G, N,, 70°C 3]
1.45 13.8 14.1 13.0 2.8 13.6 FASnl; MPP, AM1.5G, air [3]
1.53 19.8 16.0 12.9 3.5 14.7 FAMAPbI, MPP, AM1.5G, N,, 45°C [129]
1.53 229 23.1 234 46 233 Cs0.05FAg.0sPbl MPP, AM1.5G, N,, 40°C 48]
1.53 238 23.1 233 47 232 CSo05 FAqsMAg o5 Pbls MPP, AM1.5G 76]
1.53 238 232 22.6 47 228 CS0.0sMAg 05 FAg oPbI5 MPP, AM1.5G, air, 30°C 26]
1.53 234 20.0 - 42 - C50.0sMAg 05 FAg o P13 MPP, AM1.5G, air, 65°C 26]
1.53 235 20.9 - 43 . a-FAPbI; MPP, w-LED, N,, 35°C [3]
1.53 23.1 227 20.7 46 22.0 FAg.07MAg 03 Pbl, 1Brg 0 MPP, AM1.5G, N,, 40°C B3]
1.54 23.0 209 19.4 43 204 FAPbI, /FGCs MPP, AM1.5G, N,, 60°C B3]
1.55 23.4 23.4 22.9 47 233 C50.05FPo.931MAg 016 PDBF 06 12 06 w-LED [44]
1.55 22.0 21.6 20.6 4.4 21.2 FAPbI, MPP, AM1.5G, air [149]
(Continued)
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Table 24. (Continued).

E, [eV] OhPCE 200hPCE 1000 h PCE E,o0n E1o00n Absorber Comments Refs.
[%] [%] [%] Whem™]  [Whem™]
1.55 229 20.8 - 4.3 - FAPbI; MPP, AM1.5G, N, [63]
1.56 22.0 22.9 - 4.5 - FAPDbI; MPP, AM1.5G, air, encapsulation [150]
1.56 211 20.9 - 42 - C50.05 FA0.502s MAg 0475 PPBr 15 15 g5 MPP, AM1.5G, air, 30-40% RH, 45 °C [27]
157 218 220 2138 42 22.0 CS0.05 FA0.576 MA 076 PPBo.24 15 76 MPP, AM1.5G, N,, 40°C, UV-f B3]
1.57 20.6 20.2 20.2 4.1 20.1 FA,Cs,_Pbl; MPP, w-LED, Ar, 55-60°C [3]
1.57 19.8 206 17.7 41 19.1 FAg .05 MAg 05 PbBrg 1515 g5 MPP, w-LED, air, 55°C B3]
1.58 23.1 229 - 46 - C50.05FAg.sMAg s Pb Bro 615 74 MPP, N, B3]
1.58 23.6 20.2 - 44 - FAg.92MAg 03 PbBro 2415 76 MPP, AM1.5G, air, 50% RH B3]
1.58 19.2 19.3 18.4 3.9 19.0 CS0.05 FAo 7885 MAg 1615 PbBro 3 15 5 OC, AM1.5G, encapsulation, 70-75°C 2]
1.59 17.1 1.6 95 2.8 m1 Guag 1sMAq g5 Pbl, MPP, AM1.5G, Ar, 60°C 2]
1.60 22.0 222 20.2 4.4 21.4 Cs0,05 FAG.874MAg 576 PbBro 1315 76 AM1.5G, encapsulation, 55°C [67]
1.60 21.8 21.4 19.8 4.3 20.9 CsMAFAPbI;:PPP MPP, encapsulation, air, AM1.5G, 75°C [2]
1.60 213 21.1 213 4.2 21.2 CsFAMAPbI;:PPP MPP, encapsulation, air, AM1.5G, 45°C [2]
1.60 19.6 19.6 18.8 3.9 19.4 Cs00sFAog1MAg 14PbBro4slss  MPP-R_, AM1.5G, encapsulation, 50-70%  [2]
RH, 65°C
161 18.1 1.9 136 26 13.0 Guag ;sMAg 75 Pbl, MPP, AM1.5G, Ar, 60°C 2]
1.62 211 19.9 18.0 40 19.1 C50.04 FAo 506e MAg 1536 PbBrg ag 5 55 MPP, AM1.5G, N, 40°C 2]
1.63 20.0 16.3 1.8 35 15.1 CS0.05FAg.76MAg 16PbBry 5115 40 MPP, AM1.5G, N,, 25°C 2]
1.63 210 19.7 19.4% 3.9 19.6 CS0.05FAg.g1MAg 14PbBrg 45, 55 /FGCs MPP, AM1.5G, N,, 60°C 2]
1.64 20.1 17.8 - 3.7 - Cso1 FAg747MAg 153 PbBro 511 40 MPP, w-LED, N,, 25°C 2]
1.64%) 19.7 17.2 - 35 - Cs0.5FA0 7885 MAg 1615 PbBro 511549 MPP, w-LED, N,, 20°C 2]
1.66 13.0 14.7 13.0 2.8 14.1 Cs0.17FA0.53PbBro 511540 MPP, AM1.5G, 40% RH, 35°C 2
1.69 6.8 6.7 - 13 - CsGeysShysls MPP’, AM1.5G, N,, 45°C 2]
1.70 20.1 18.8 - 3.9 - CsPbl; MPP, AM1.5G, air, 30% RH [70]
1.74 129 13.4 - 27 - CsPbl, OC, AM1.5G, Ny, 25°C, UV-f 2]
1.78 16.8 171 17.1 3.4 17.1 CsPbBr, I3, MPP, AM1.5G, air 30-40% RH, 35°C [49]
1.79 19.0 18.9 - 3.8 - Csg,FAggPbBry 1 8 MPP, AM1.5G, encapsulation [74]

3 Extrapolated value; 2 E, taken from PL peak; abbreviations: MPP, maximum power point (tracking during test); OC, open-circuit (condition during test); UV-f, ultraviolet
light filter; w-LED, white light spectrum light emitting diode source; RH, relative humidity; MPP-RL, cell is connected to the load resistance which matches the initial maximum
power point.

Table 25. Most operationally stable organic research solar cells in terms of the stability test energy yield for 200 and 1000 h under simulated 1 sun
illumination as a function of the device bandgap energy (from the EQE spectrum).

Eg [eV] 0 h PCE [%] 200 h PCE 1000 h PCE Ezo0n E1000n Active material Comments Refs.
[%] [%] [Wh em™2] [Wh em™2)

1.40 18.8 16.4 14.6 3.4 15.6 PM6:BTP-eC9 MPP, w-LED, air [50]

1.43 17.7 16.1 14.7 33 7.9 PM6:PY-1S1Se:PY-2Cl MPP, AM1.5G [57]

1.56 7.8 7.2 6.8 1.5 7.0 PBDB-T:ITIC-2F OC, w-LED, N,, 40°C, [2]
UV-f

1.57 5.0 5.0 4.7 1.0 4.8 P3HT:.0-IDTBR OC, AM1.5G, N,, UV-f [2]

1.61 5.1 4.9 4.9 1.1 4.9 Dyad 4 OC, w-LED, N,, 30°C [2]

1.66 8.0 7.4 7.0 1.5 7.3 PBDB-T:ITIC-Th OC, w-LED, N,, 40°C, [2]
UV-f

1.70 8.7 8.1 - 1.6 - PBDB-T:IDTBR OC, AM1.5G, N,, [2]

35-40°C

1.84 5.9 5.6 54 1.1 5.6 PBDB-T:PCBM OC, w-LED, N,, 40°C, [2]
UV-f

1.94 3.7 3.7 3.7 0.7 3.7 P3HT-PCBM OC, AM1.5G, air [2]

Abbreviations: MPP, maximum power point (tracking during test); OC, open-circuit (condition during test); UV-f, ultraviolet light filter; w-LED, white light spectrum light-
emitting diode source.
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Table 26. Most operationally stable dye-sensitized research solar cells in terms of the stability test energy yield for 200 and 1000 h under simulated 1 sun
illumination as a function of the device bandgap energy (from the EQE spectrum).

E,y [eV] 0h PCE 200 h 1000 h PCE Esoon [Wh em™2]  Eqgo0n [Wh cm™2] Sensitizing dye Comments Refs.
[%] PCE [%] [%]
1.59 9.0 9.0 8.2 1.8 8.7 TF-tBu_C3F7 0C, AM1.5G, 65 °C 12]
1.75 6.5 6.7 6.3 1.4 6.6 N719 0C, AM1.5G, 35 °C, UV-f 12]
177 6.3 5.8 4.8 13 5.5 7907 OC, w-LED, 20 °C 12]
1.78 9.3 9.9 7.9 1.9 9.2 N719 0C, AM1.5G, 50 °C 2]
1.83 8.4 8.3 - 1.7 - MK2 OC, w-LED 2]
1.85 8.0 8.3 8.3 1.4 8.1 N719 0C, AM1.5G 2]
2.07 5.8 6.5 5.9 1.3 6.2 D35 0C, AM1.5G, 60 °C 12]

Abbreviations: OC, open-circuit (condition during test); UV-f, UV light filter; w-LED, white light spectrum light emitting diode source.

Table 27. Most operationally stable multijunction research solar cells in terms of the stability test energy yield for 200 and 1000 h under simu-
lated/equivalent 1 sun illumination as a function of the device bandgap energies (from the EQE spectra) of the absorber materials.
Bottom Top £, 0 h PCE 200 h 1000h  Eyon  Eqgoon  Bottom absorber material Top absorber material Comments Refs.
E leV]  [eV]  [%] PCE[%] PCE[%] [Wh  [Wh
cm™?]  cm7?]
Perovskite/perovskite
1.25 180 274 284 - 5.6 - FAq;MAg3PbgsSng sl Cs02FAggPbBr 1411 56 MPP, AM1.5G, air 30-50% RH,  [42]
35°C
1.25 180 256 264 178 52 235 FAy5Cs02Pb(1062Br035)3 FAg;MAq 3 Pbg 5Sng s s MPP, AM1.5G, air 30-50% RH,  [3]
35°C
1.26 180 241 235 232 48 237 FAg;MAg;PbysSngsls CsPbBr,I;_, MPP, AM1.5G, air 30-50% RH,  [49]
35°C
1.26 180 269 246 - 5.1 - Cso2FAgsPbly 3By, MPP, AM1.5G, air 25-35 °C [118]
Csp.1FAgsMAg3PbysSng sl
1.26 182 244 243 193 49 2189 FAg5CS02Pb(lo6Bros)s MPP, encapsulation, air, 30-50%  [2]
FSA:MAg 3 FAg,Pby sSngsls RH, AM1.5G, no UV-f, 54-60 °C
1.26 1.82 21.2 20.6 19.8 4.2 20.7 Csg4FAqgPbl; 95Bry o5 MPP-R,, encapsulation, air, [2]
Cs.0s MAg 45 FAg s Pbg sSng s 13 AM1.5G, room T
127 172 231 222 204 47 214 (FASnly)oe(MAPbL)os  CsoosFAggMAg 1sPbly s5Br 4 MPP, AM1.5G 2]
GaAs/perovskite
1.42 1.85 241 239 22.19 4.76 23.39) GaAs MPP, air 20-25% RH, AM1.5G, [2]
FA0.80MAg04Cs0.16Pb (l0.50Bro.50) 3 room T, UV-f
CIGS/perovskite
1.10 1.65 22.0 19.9 18.4? 4.1 19.4% CIGS MPP, air 20% RH, 30 °C [2]
C50.09 FA0.77MAG 14Pb (I 86Bro.14) 3
Si/perovskite
1.13 1.68 24.0 22.8 215 4.6 22.4 Si CsFAPb(Br,1)3:MA(ClysSCNgys)  MPP, w-LED, air, 40% RH, 25 °C [114]
117 1.63 5.4 5.2 - 11 - Si FAg.g3MAg 17PbBro 5115 40 MPP, AM1.5G, 60 +20% RH  [115]

3 Extrapolated value; abbreviations: MPP, maximum power point (tracking during test); UV-f, UV light filter; RH, relative humidity; MPP-R_, the cell is connected to the load
resistance which matches the initial maximum power point.
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