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ABSTRACT

This 6th annual Emerging PV Report surveys peer-reviewed advances since August 2024 across perovskite, organic, kesterite,

matildite, antimony seleno-sulfide, selenium, and tandem solar cell architectures. Updated graphs, tables, and analyses compile

the best-performing devices from the emerging-pv.org database, benchmarking power conversion efficiency (PCE), flexible
photovoltaic fatigue factor (F), light-utilization efficiency (LUE), and stability-test energy yield (STEY) against detailed-balance
efficiency limits as functions of photovoltaic bandgap, and average visible transmittance (AVT) for (semi-)transparent devices.
Beyond efficiency, operational stability is assessed via degradation rates (DR) and t, lifetimes. Highlights include single-junction
perovskite cells with efficiencies above 27%, organics surpassing 20%, and new Si/perovskite tandems exceeding 34%. Although
multiple record efficiencies have been achieved this year, advances in mechanical robustness and operational stability remain

inconsistent, especially in complex tandem stacks, emphasizing the urgent need for standardized protocols, improved large-area
homogeneity, and database-driven benchmarks to accelerate the transition from laboratory demonstrations to scalable, real-world

deployment.

1 | Introduction

Emerging photovoltaic (e-PV) devices (see Table 1) [1-5] hold
great promise for providing cheaper, cleaner, and more versatile
scalable electricity generation, serving as an alternative and/or
complement to traditional photovoltaics (PVs) such as silicon
devices. Both in the context of classical silicon photovoltaics
as well as e-PV devices, the heterostructure architecture has
emerged as the most successful approach and is used with
absorber materials such as metal-halide perovskites, polymers,
dyes, kesterites, and matildites. However, optimizing these
devices for higher power conversion efficiency (PCE) values,
larger surface areas and enhanced performance durability has
been challenging, primarily due to the complexity of the inter-
faces within the devices and the intrinsic properties of e-PV
materials.

Versatility is a key attribute of e-PV, as increasing the PCE
for large-scale grid-connected electricity production is not the
only research focus. Over the last decade, there has been grow-
ing research interest in potential applications such as flexible,
transparent, and integrated PVs. This trend is evident in the
increasing percentage of annual publications addressing these
topics. However, unlike the PCE results, which can be certified by
several international institutions, the standardized quantitative
evaluation, and certification of other critical aspects of e-PV
devices, essential for proper validation and comparison, remain
a work in progress. In this context, the emerging PV initiative
[6], along with its accompanying website and database, aims to
establish an international framework and benchmarking system
for the systematic collection, presentation, and analysis of data,
serving as a reference for best practices and state-of-the-art
reports.

The state-of-the-art achievements in e-PV devices, as reflected in
academic publications detailing top-performing cells, have been
systematically parameterized and reported since 2020 through
the annual emerging PV reports (e-PVr) [1-5], of which this is
the sixth edition. This report compiles the performance data of
the best e-PV devices into comprehensible tables, and the PCE
values are put into perspective by comparing the devices with
respect to the bandgap energy of the absorber material, number of
junctions, application class, and performance stability. Notably,

we present performance parameters for each technology and
compare the experimental data to the corresponding theoretical
limit in the detailed balance (DB) model [7-9].

In this review article, we present updated graphs and tables of
the best-performing research photovoltaic cells, incorporating the
latest reports since August 2024. This sixth edition includes more
than a hundred new research articles (Tables 3-25), selected in
line with our inclusion criteria (see Section 1.1) from over 400
new entries added to the emerging-pv.org database during the
past year. The following sections not only describe the updated
plots and tables but also highlight and discuss the most relevant
and recent achievements across each technology. Importantly,
this year’s report introduces mechanical and operational stability
analyses through the flexible PV fatigue factor (F) [10] and the
tys operational lifetime, respectively. Additionally, we provide a
commentary on broader trends and the overall progress observed
in the field over the past year.

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

Consistent with previous e-PVr [4, 5], to be considered for these
surveys, the data must meet a set of specific criteria. First, it
should be published in a peer-reviewed article in an academic
journal, and the article should include a “methods” section
that allows experimental replication. Second, the article should
provide essential data and a clear description for experimental
reproducibility and self-consistency checks (e.g., such as those at
emerging-pv.org) [6].

Third, provided publication and sufficient description for reporta-
bility, data are collected for categories with established and
broadly adopted characterization protocols: absolute efficiency
under 1 sun, flexibility, transparency, and operational stability
(Sections 2-5). These categories (i) represent primary research
interests within emerging photovoltaics; (ii) rely on well-defined
and comparable metrics; (iii) can be quantitatively benchmarked
across technologies and against theoretical limits (e.g., the
detailed-balance efficiency limit); and (iv) are implemented
within the emerging-pv.org database with automated and super-
vised consistency checks. A detailed description of the inclusion

2 of 58

Advanced Energy Materials, 2025

95U8017 SUOUIOD A1) 3[cfedt [dde 8y Aq paueA0B 8.2 S9o1Le YO ‘9Sh J0 S9INJ 10} ATeIq1T8UIIUQ AB]IA UO (SUOTHPUOD-PUR-SWLBI LD B | 1M Aleq 18Ul Uo//:Sdy) SUONIPUOD pue swie | 8y} 88S *[520z/ZT/2T] Uo ARiqiauluo AS|im (1IMD) 0ju| U 8pUNSIA J00A WNNWBD AQ SZ6505202 WUSE/Z00T 0T/I0p/W00" A8 1M AeIq 1jeul U0 pesueAe//Sdny Wolj pepeojumod ‘0 ‘0r89rTIT



TABLE 1 | Abbreviations for PV technologies or material families (adapted from the e-PVr version 3) [3].

Abbreviation

Meaning and comments

Established photovoltaics

a-Si:H
CdTe
CIGS
GaAs
Si

Emerging photovoltaics
AgBiS

Amorphous silicon single junction photovoltaic cell (including a-SiGe:H devices).
Cadmium telluride single junction photovoltaic cell
Copper-indium-gallium-selenide (Culn, Ga,_,Se,)-based single junction photovoltaic cell
Gallium arsenide single junction photovoltaic cell

Monocrystalline or polycrystalline silicon single junction photovoltaic cell, including homo-
and heterojunction structures.

Silver bismuth sulfide (AgBiS,)-based single junction photovoltaic cells, the so-called
matildite solar cells.

Monolithic/2-terminal tandem photovoltaic cell: Culn,Ga,_,Se,-based bottom sub-cell and

CIGS/DSSC dye-sensitized top sub-cell
Monolithic/2-terminal tandem photovoltaic cell: Culn,Ga,_,Se,-based bottom sub-cell and
CIGS/perovskite perovskite-based top sub-cell
Monolithic/2-terminal triple junction photovoltaic cell: Culn,Ga, . Se,-based bottom
CIGS/AlGaAs/GalnP sub-cell, AlGaAs-based middle sub-cell, and GaInP-based top sub-cell
CZTS Cu,ZnSn(S,Se),-based single junction photovoltaic cell
DSSC Dye-sensitized single-junction photovoltaic cell
Monolithic/2-terminal tandem photovoltaic cell: dye-sensitized bottom sub-cell and
DSSC/perovskite perovskite-based top sub-cell
Monolithic/2-terminal tandem photovoltaic cell: GaAs-based bottom sub-cell and
GaAs/GalnP GalnP-based top sub-cell
Monolithic/2-terminal tandem photovoltaic cell: GaAs-based bottom sub-cell and
GaAs/perovskite perovskite-based top sub-cell
Monolithic/2-terminal triple junction photovoltaic cell including GaAs and no other
GaAs(In,Bi,AlLP) material family specified in this table. For example: InGaAs- or GaAsBi-based bottom
sub-cell, GaAs-based middle sub-cell, and GaInP- or AlGaAs-based top sub-cell
nc-Si/a-Si Monolithic/2-terminal tandem photovoltaic cell: nanocrystalline or microcrystalline Si
bottom sub-cell and amorphous Si top sub-cell
nc-Si/nc- Monolithic/2-terminal triple junction photovoltaic cell: nanocrystalline silicon-based bottom
Si/a-Si and middle sub-cells, and amorphous silicon-based top sub-cell
OPV Organic photovoltaic material-based single junction photovoltaic cell
OPV/a-Si 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-
OPV/perovskite and perovskite-based, respectively or vice versa.
PSC, pvk, Perovskite single junction photovoltaic cell. “Pvk” or “perov” may also be used in plot
perov legends for abbreviating perovskite sub-cells in multijunction devices.
SbS Antimony trisulfide and/or triselenide (Sb,(S,Se);)-based single junction photovoltaic cell
Se Selenium-based single junction photovoltaic cell
Si/DSSC Monolithic/2-terminal tandem photovoltaic cell: Si-based bottom sub-cell and dye sensitized
top sub-cell
Si/GaAsP 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,
Si/GaIlnAsP/InGaP GalnAsP-based middle sub-cell and GalnP-based top sub-cell
(Continues)
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TABLE 1 | (Continued)

Abbreviation Meaning and comments
Monolithic/2-terminal triple junction photovoltaic cell: Si-based bottom sub-cell and
Si/perov/perov perovskite-based middle and top sub-cells
Monolithic/2-terminal tandem photovoltaic cell: Si-based bottom sub-cell and
Si/perovskite perovskite-based top sub-cell
TLSC Transparent luminescent solar concentrator, including a lightguide, luminophore, and

mounted solar cell(s).

criteria per category is included in Sections S1.5-S1.6 of the
Supporting Information, including Table S2, which summarizes
the minimal mandatory data. Further categories are under
active consideration for future inclusion in the emerging-pv.org
database and subsequent editions of this annual survey. For exam-
ple, indoor photovoltaics has gained significant momentum and
has recently advanced in standardized measurement protocols
and quantitative figures of merit [11-13], making it a strong can-
didate for future implementation of dedicated self-consistency
checks within the emerging-pv.org database.

Notable updates to the inclusion criteria relate to the description
of mechanical stability bending tests of flexible solar cells. New
mandatory requirements for these reports include the number of
bending cycles, bending strain, and PCE values before and after
the bending test [10, 14]. For the bending strain, the estimation
of the device thickness (including substrate and encapsulation,
if appropriate) and bending radius is the minimum requirement
in the single-layer strain model. Importantly, while Section 3 will
address “notable exceptions” concerning high PCE values and the
most relevant bending test results, our general rule, consistent
with the definition of the fatigue factor (F, see Equation 5 in
table 2), is to include only those studies where bending tests
result in PCE retention below 99%. In this way, performance
losses greater than 1% can be more reliably attributed to gen-
uine degradation processes rather than measurement artifacts.
As the fatigue factor reflects both PCE retention and bending
test conditions, it is recommended to report clear quantitative
correlations between test parameters and PCE losses to better
define the mechanical performance limits of the device. Bending
tests that show no PCE decrease, likely due to insufficient
applied strain, offer limited insight into the actual mechanical
stability.

A discussion on the “emergence” labeling for PV devices and its
relation with the PV technology generations and research can be
found in version 4 of the e-PVr [4]. The equations, definitions,
and useful references already presented in the previous e-PVr
[5] and updated in the current version are summarized in
Table 2. Notably, we here emphasize the use of the definition of
the photovoltaic bandgap energy as the inflection point of the
absorption threshold of the EQE spectrum (see Figure S1) [15, 16].
This definition not only characterizes the operational response of
the entire device (rather than an independent absorber layer or
a combination of sub-layers), but also provides a framework for
comparing different emerging technologies, in particular where
a single optical bandgap energy is not directly defined [1], such as
in organic photovoltaics.

Following the previous e-PVr [5], each section highlights the best-
performing cells reported in the literature, grouped by technology,
material family, or application (abbreviations in Table 1). For
multijunction PV cells (see Figure S2), we define the top sub-
cell as that which receives the full incident photon flux and
typically has the highest bandgap (E,.,) while the bottom sub-
cell receives the residual flux and typically has the lowest bandgap
(Egpottom)- TWo-junction (tandem) devices include only top and
bottom sub-cells, whereas triple-junction cells feature a middle
sub-cell typically with a bandgap (E, ,i4) between those of the top
and bottom layers.

Significant upgrades to the Emerging-PV website and database
[6] since August 2024 include the enhancement of the flex-
ible photovoltaic form with the calculation of fatigue factor
(Equation 5 in Table 2), and the generation of digitally signed
data report certificates. The latter functionality enables users to
download a comprehensive summary of their personal uploaded
data, encompassing all derived parameters and automatically
generated messages related to the implemented calculations and
consistency checks.

2 | Highest Power Conversion Efficiency
Photovoltaic Cells

To introduce the recent progress in the e-PV field, we plot-
ted the reported PCE values of all emerging-pv.org database
entries versus publication date for the two most widely studied
single-junction technologies: perovskite (Figure 1a,b) and organic
(Figure 1c,d) solar cells, with data points colored according to
their bandgap energy. This dataset includes, but is not limited to,
the records listed in Tables 3-25 and represents, to the best of our
knowledge, the subset of publications on emerging photovoltaics
that report device progress in line with our inclusion criteria. This
list excludes manuscripts focused primarily on materials, theory,
or reviews.

Several trends emerge. First, the number of publications has
markedly increased in the past three years for both PSCs
and OPV technologies. This surge in high-performance reports
reflects the growing maturity of these systems as they move
closer industrial deployment. Other factors may also contribute,
such as improvements in database screening and a shift in
research focus from fundamental science during the early stages
of development toward material and device engineering aimed
primarily at performance optimization. This trend aligns with
the relatively stable annual publication rate for solar cells overall,
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TABLE 2

Equations and definitions (updated after e-PVr version 3) [4].

No.

Equation

Definitions and comments

Refs.

ey

e

3

)

®)

6)

(7
®
©

(10)

an

PCE — Pout — VocJse FF
Pin Pin

EQE = Q—mm

Eg
)‘S

1+exp[x

J sc,EQE —
L[ EQE(A T so()dA

pCETeal ];gal Vgecal prreal

EDBL =

___ PCEfina—PCEipitial

PCEjpjtia1 €'l0g 4 [Npc]

— J TOPAT ap1.56(A)dA
J PAT gp1.56(DdA

AVT

LUE = AVT - PCE
PBCC = EQE(A) + T(A) + R(A)
Ey = [ Podt= [ P,PCEdt

__ PCE()-PCE(0)

DR,, = -

PCE (tys) = 0.95 PCE(0)

PCEideal - ]igCﬂl Vé%cal FFideal

PCE, power conversion efficiency; P, output power
density; P;,, incoming power density; V., open-circuit
voltage; J,., short-circuit current density; FF, fill factor

Procedure to determine E, from the EQE(4) spectrum: EQE,
external quantum efficiency; 1, wavelength; Q,,, maximum
EQE value just above the bandgap absorption threshold; A,

Planck’s constant; c, speed of light; E,, photovoltaic bandgap

energy; A, sigmoid wavelength width parameter (EQE onset

quality wavelength), ¥ = In [7+4 \/ 3]~2.63, dimensionless
coefficient related to the second derivative of the sigmoid.

Jse-rqE short-circuit current density as integrated from the
EQE for the standard 1 sun illumination intensity AM1.5G
spectrum @'y, s (typically in units of W-m=2-nm™); g 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 (DB)
models [7-9], e.g., the highest efficiency for a single junction
cell with absorber material of bandgap energy E, at a
temperature T, under a spectral irradiance I". The proper
application of a detailed-balance performance limit model
on an experiment implies EDBL< 1.

F, flexible photovoltaic fatigue factor; PCE;;;.(PCEgina1)
power conversion efficiency before (after) the mechanical
bending test; ¢, strain applied to the sample and; Ny, the

number of bending cycles during the bending test.

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

Ar, operational stability test time; E,., operational stability
test energy yield (STEY) for a test of duration At; ¢, time;
STEY is taken for 200 h and 1 000 h of stability tests as E,q,
and E, o, respectively.

DR,., effective overall degradation rate for an operational
stability test of duration At; DR,y and DR, are taken as
the overall degradation rates for 200 h and 1000 h of stability
tests, respectively.

tos, time for which the power conversion efficiency reaches
95% of their initial value PCE(0) during an operational
stability test.

(1]

[15]

16, 17]

(10]

(18]

[19]
(18]
1]

(1]

and specifically for OPV devices, while perovskite publications
continue to rise (see Figure S3).

Before 2020, reported bandgap values were broadly distributed,
despite some clustering. After 2020, however, a noticeable
narrowing of focus is visible: OPV records centered almost exclu-
sively on absorber blends with ~1.4 eV bandgaps (Figure 1c,d),
while PSCs increasingly concentrated on compositions close to
FAPbI; with ~1.55 eV bandgaps (Figure 1a,b). For perovskites,

higher and lower bandgaps remain represented, typically for
devices designed for multijunction or transparent applications.
Entries for OPVs, by contrast, show almost no variation, indicat-
ing that the community has converged on a narrow set of material
systems with bandgaps of around 1.4 eV since the invention of
the Y-series of non-fullerene acceptors [20]. Importantly, whereas
only a handful of entries exceeded 26% PCE for perovskites and
20% for OPVs in e-PV Report 5 [5], such values are now routinely
observed in the present dataset.
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Power conversion efficiency of publications recorded in the emerging-pv.org database over publication date and colored according to

the bandgap energy, displayed for perovskite (top, a-b) and organic (bottom, c-d) solar cells. From left to right: (a,c) efficiency, and (b,d) experiment-to-
detailed balance-limit ratio (Equation 4 in Table 2) corresponding to each bandgap energy, over publication date.

To benchmark against theoretical limits, the same data are
replotted in Figure 1b (PSCs) and Figure 1d (OPVs) as experiment-
to-detailed balance-limit ratio (EDBL, Equation 4 in Table 2). This
representation highlights that perovskite devices have reached
nearly 90% of the DB limit, while OPVs remain at around 65%.
The origin of this discrepancy becomes clear in Figure S4, which
shows V., FF, and J as percentages of their respective DB limits.
Perovskites achieve 90-100% across all three parameters, whereas
OPVs are lower (80-90%), with V. particularly limited (~80%).
Notably, high relative performance values are also observed for
perovskites with bandgaps above 1.55 eV, underscoring that this
technology is optimized across a range of absorber compositions
rather than being confined to a single high-performing material
system.

2.1 | Single Junction Devices

The single-junction solar cells with the highest power conversion
efficiencies reported in peer-reviewed articles since August 2024
are summarized in Tables 3-7 and illustrated in Figures 2 and 3.
In Figure 2, the updated data are shown as opaque symbols, while

lighter-colored symbols represent previous records. For reference,
solid lines indicate the single-junction detailed balance [7] (DB)
theoretical efficiency limits, calculated under the assumption
of radiative emission from both the front and rear surfaces
of the photovoltaic cell [7, 21]. The percentage ratios for the
experimental performance compared to their corresponding DB
theoretical limit are presented in Figure 3b,c.

Perovskite solar cells continue to deliver the highest PCE, V.,
and FF values among e-PV devices (see Figure 2 and Table 3),
particularly those based on FAPbI; and mixed cations perovskite
absorbers with photovoltaic bandgap energies around 1.54 +
0.02 eV. The current certified records are 27.3% and 26.9% for
devices with designated illumination areas of 0.1065 cm? and 1.017
cm?, respectively, as listed in the efficiency tables by Green et al.
[22]. Among the peer-review published studies, Qu et al. [23]
reported a device with 26.8% PCE (0.11 cm?, certified 26.0% at 0.07
cm?). They attributed this performance to a binary synergistic
post-treatment, blending 4-tert-butyl-benzylammonium iodide
with phenylpropylammonium iodide and spin-coating onto the
FAPDI, surface. This treatment formed a passivation layer with
enhanced crystallinity, improving hole extraction and transfer.
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For devices exceeding 1 cm? area (inset of Figure 3c), the new
output power record was set by Wang et al. [24], achieving
25.2 mW (certified 24.35% PCE for 24.35 mW). Their approach
improved the growth homogeneity of the Csg,FA,,Pbl; sur-
face by controlling amorphous phases of self-assembled mono-
layers (SAMs), thereby reducing trap-assisted recombination
losses. Recent high PCE perovskite solar cells were reported
to depend on precursor chemistry, perovskite compositions
and device configurations [25]. Other new records were also
reported for narrow- and wide-bandgap devices mostly associated
with demonstrations of high-efficiency multi-junction solar cells
(see Section 2.2).

Organic solar cells with efficiencies above 20% have been sys-
tematically reported over the past year, primarily from small-area
devices (<0.1 cm?) with photovoltaic bandgap energies of 1.43
+ 0.04 eV (see Table 4). No new efficiency records have been
reported for devices with bandgap values <1.37 eV or >1.5 eV. Two
studies by Li et al. [26] and Wang et al. [27] recently published 21%
PCE. Notably, Li et al. [26] has reported the highest certified PCE
value (20.8%) with devices based on D18:L8-BO:BTP-eC9 as active
layer and AZnO-F3N as cathode interfacial layer (CIL). In this
work, the inorganic-organic hybrid CIL was developed through
a two-component synergistic strategy by combining the organic
material PNDIT-F3N with two-dimensional amorphous zinc
oxide, reducing interface defects and surface while improving
charge extraction and transport. Moreover, Wang et al. [27],
also achieved 21.0% PCE (certified 20.25%) with the second
highest FF (82.9%) in our records from a device based on D18
(PY-IT diluted)/L8-BO:C5-16 (D18 diluted). In this work, the
authors demonstrated that diluting the electron donor with an
electron acceptor of opposite electrostatic potential promotes
stronger intermolecular interactions and enhanced structural
order. They further showed that a polymeric diluent is more
effective than a small-molecule counterpart due to its extended
conjugated backbone. The ternary heterojunction of C5-16:L8-
BO binary acceptors diluted with D18 exhibited the highest
degree of structural order, resulting in improved light absorption,
charge transport, and suppressed recombination, particularly
when prepared via layer-by-layer deposition of diluted p-type and
n-type heterojunctions.

Kesterite solar cells also achieved new certified PCE records,
as listed in the efficiency tables by Green et al. [22] with 15.8%
and 14.1% for devices with active areas of 0.225 and 1.075 cm?,
respectively. These devices also set new records for the technology
in terms of FF (74.7%) and output power (15.2 mW) (see Table 6).
Among peer-reviewed publications, Yao et al. [28] reported a
device PCE of 14.99% (certified 14.38%) for a 0.4 cm? cell. In their
study, the authors regulated the phase evolution from Cu,ZnSnS,
to Cu,ZnSn(S,Se), during the initial selenization stage to obtain
high-quality absorber layers with reduced defects and suppressed
secondary phases. By incorporating mercaptopropionic acid into
the 2-methoxyethanol precursor solution, they produced large
Cu,ZnSnS, colloidal particles and dense precursor films. During
selenization, the reduced nucleation sites decreased selenium-
molecule interactions and extended the phase evolution process,
leading to more controllable heterogeneous nucleation, uni-
form elemental distribution, and improved large-grain growth
throughout the absorber layer.

Antimony seleno-sulfide solar cells have achieved efficiencies
slightly above previous records in several recent studies. Zhao
etal. [29] reported 10.81% PCE in a 0.01 cm? device by introducing
Na,SeSO; into the Sb,(S,Se); precursor solution as a passivator
for Sbg, antisite defects. Independently, Liu et al. [30] achieved
10.76% PCE (certified 10.5%) in a 0.07 cm? device by incorporating
lithium fluoride into the precursor solution. This approach
improved the conductivity, morphology, and n-type properties
of the cadmium sulfide transport layer while simultaneously
passivating selenium vacancies and Sbg antisite defects in the
Sb,(S,Se); absorber. Notably, Dong et al. [31] reported a certified
10.7% PCE for a 1 cm? device, setting a new record for output
power at 10.7 mW. Their strategy focused on charge-carrier
management through the use of a textured fluorine-doped tin
oxide substrate as the front contact to enhance light scattering
and maximize charge generation. To mitigate voids and shunt
pathways introduced by the textured surface, a SnO, layer was
inserted by atomic layer deposition, resulting in improved charge
transport and reduced recombination losses.

A new PCE record for matildite solar cells was reported by
Li et al. [32], achieving 10.8% PCE with AgBiS, nanocrystals
in devices with an active area of 0.03 cm?. In this work, the
authors developed a post-deposition in situ passivation strategy
using a multifunctional molecular agent that both enhanced
the colloidal dispensability of the AgBiS, nanocrystal ink and
passivated nanocrystal surfaces after film formation. The latter
was achieved through in situ dissociation of chloride ions,
which acted as atomic-scale surface passivators. This approach
reduced morphological defects, lowered trap-state density, and
balanced charge-carrier mobilities, leading to improved device
performance.

Selenium solar cells were the first photovoltaic devices ever
demonstrated [33], and their intrinsically wide bandgap
makes them attractive candidates for multijunction and
indoor applications. However, optimizing crystalline Se
films for efficient charge-carrier transport has remained
a longstanding challenge. The most recent record for this
technology was reported by Liu et al. [34], achieving 8.1%
PCE in devices with an active area of 0.03 cm?. In their
work, the authors employed a substrate-heating strategy to
enhance interfacial bonding between Se and the underlying
substrate, which promoted the growth of Se films with a
standing orientation (chains aligned perpendicular to the
substrate). This orientation significantly improved -carrier
mobility by facilitating charge transport along the covalently
bonded Se chains, in contrast to the less favorable lying-oriented
films.

Figure 3a compares the PCE data from Figure 2 with the
DB efficiency limit, expressed as the experiment-to-detailed-
balance limit ratio (EDBL, Equation 4, Table 2). Among PSCs,
the best-performing devices reach 87.9% EDBL, with the most
recent results exceeding 83% for absorbers with 1.50 eV < E, <
1.60 eV, and above 73% for the latest records using narrow- and
wide-bandgap perovskites. For OPVs, the top-performing devices
achieve 64.3% of the DB limit, and most new records within the
1.37 eV < E,< 1.47 eV range reach values above 60% EDBL. In
addition, the most recent record devices for Cu,ZnSn(S,Se),, Se,
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Sb,(S,Se);, and AgBiS, solar cells reach 48.8%, 34.5%, 34.0%, and
33.2% of their respective DB efficiency limits.

A closer examination of the EDBL ratio is shown in Figure 3b,
which presents the updated logarithmic loss analysis [35] for
the highest-PCE devices of each technology. From left to right,
matildite, antimony selenide, selenium, kesterite, organic, and
perovskite record cells exhibit progressively smaller overall
losses. For all technologies except perovskites, the dominant
contribution arises from the V. deficit, likely linked to excess
non-radiative recombination. In the case of selenium solar cells,
significant additional losses are observed in the FF, which may
be attributed to contact-related series resistance issues [36].
By contrast, the new record perovskite solar cells continue to
display a more balanced distribution of losses across V., J,
and FF.

The output power in milliwatts, corresponding to the data in
Figure 2, is shown in Figure 3c as a function of illuminated
area. In this plot, the PCE isolines (e.g., the dash-dot grey line
for PCE = 25%) appear as diagonal contours, with points closer
to the top-right region indicating higher output power. Overall,
studies on e-PV technologies continue to focus predominantly
on devices with active areas between 0.01 and 0.2 cm?. Notable
exceptions listed in the efficiency tables by Green et al. [22]
include a silicon solar cell (3.72 W, 133 cm?), a perovskite solar
cell (27.4 mW, 1.02 cm?), and a kesterite solar cell (15.2 mW,
1.075 cm?). Among PSCs reported in published manuscripts,
the highest output power during the last year was achieved
by Wang et al. [24], with 252 mW from a 1.0 cm? device.
Another notable result is the antimony selenosulfide solar cell
reported by Dong et al. [31], which delivered 10.7 mW from a
1.0 cm? device.

2.2 | Multijunction Devices (Monolithic)

The performance parameters of monolithic (two-terminal)
multijunction photovoltaic research cells are summarized in
Figure 4, where opaque symbols represent reports published
since August 2024, and lighter-colored symbols correspond to
earlier results. The complete dataset is provided in Tables 8-10,
and Figure 4a also includes the performance parameters in
the optimized bandgap detailed balance (DB) efficiency limit
for devices with up to three junctions, including radiative
coupling [37].

This year’s survey highlights an apparent perovskite predomi-
nance in the multijunction subfield: to the best of our knowledge,
all but one new record PCE values reported involve at least
one perovskite-based sub-cell. In other words, almost no new
records have been reported for perovskite-free multijunction
devices (see Figure 4a). Notably, the latest record efficiencies from
CIGS/perovskite, all-OPV, and OPV/perovskite tandems mark
their first demonstrations of tandem efficiencies surpassing their
respective single-junction perovskite counterparts. Nevertheless,
these values remain below those of the best-performing all-
perovskite tandems, which themselves still underperform relative
to the single-junction DB efficiency limit. The only exception is
Si/perovskite tandems, which continue to exceed the absolute
efficiency limits for single junction solar cells.

Among double-junction devices, the record PCE remains with
the Si/perovskite tandem. Jia et al. [38], from LONGi, have
once again surpassed their previous results, achieving 34.58%
PCE on a 1.0 cm? device. This milestone was enabled by the
introduction of an asymmetric SAM ((3-((9-ethyl-9H-carbazol-3-
yl)oxy)propyl)phosphonic acid, HTL201) as a hole-selective layer
in the perovskite top sub-cell. The asymmetric design minimized
steric hindrance and provided more uniform coverage on the
textured silicon substrate, thereby reducing non-radiative recom-
bination. At the same time, optimized energy-level alignment
improved carrier extraction. Together, these advances unlocked
an outstanding V. 0£1.996 V, which is only second to the new V.
=2.01 V record for the Si/perovskite tandems reported by Er-Raji
et al. [39].

For all-perovskite tandems, we highlight two new records report-
ing 29.6% (29.5% certified) by Wang et al. [40] and the certified
29.1% reported by Liu et al. [41] (although both studies are
still outperformed by the “certified-but-not-published” 30.1% in
Green’s tables) [42]. The best cell from Wang and co-workers also
achieved a record V,. = 2.179 V (see Figure 4b), attributed to
the introduction of a mercapto-functionalized mesoporous silica
layer as a superstructure at the buried interface to modulate the
crystallization. This was associated with a decrease in nanovoids,
defect passivation, and suppression of the Sn(II) oxidation in the
tin-lead perovskite films, contributing substantially to reduced
charge carrier losses and improved stability. On the other hand,
Liu and co-workers developed wide-bandgap perovskite films
with improved (100) crystal orientation, the introduction of
which was associated with suppression of non-radiative recombi-
nation. They claim that using a two-dimensional perovskite as an
intermediate phase on the film surface promotes heterogeneous
nucleation along the (100) three-dimensional perovskite facets
during crystallization. These two studies [40, 41] report nearly the
highest values for J,. > 16 mA cm~2 (see Figure 4c) and FF > 81%
(see Figure 4d). However, the output power of these devices was
P« < 1.5 mW due to their relatively small active areas <0.05 cm?
(see Figure 4e).

The latest output power record for all-perovskite tandem solar
cells is presented in the inset of Figure 4e, and it was reported
by Tan and co-workers [43], achieving P,,, = 29.9 mW (certified
29.6 mW) from 1.05 cm? devices with efficiencies of 28.5% (certi-
fied 28.2%). The authors attributed this performance to the miti-
gation of inhomogeneity in the wide-bandgap perovskite sub-cells
during upscaling. To address this issue, they introduced a mixed
additive strategy combining 4-fluorophenethylammonium chlo-
ride (F-PEACI) and 4-trifluoromethylphenylammonium chloride
(CF;-PACI) to form a tailored two-dimensional (2D) perovskite
interfacial layer (TTDL). In this configuration, F-PEACI pro-
moted the formation of a 2D perovskite at the surface, reducing
contact losses and improving uniformity during deposition of the
Cqo electron transport layer, while CF;-PAC] enhanced charge
extraction and transport.

For CIGS/perovskite tandems, a new record PCE of 28.05%
(certified 27.22%) was reported by Pei et al. [44]. In this work,
the introduction of 4-(2-aminoethyl)-benzenesulfonyl fluoride
hydrochloride (TAR 3) was found to inhibit passivation failures,
enabling multisite defect passivation and promoting charge-
carrier transport of the wide-bandgap perovskite. This also led to
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Highest-PCE values for monolithic (two-terminal) multijunction photovoltaic research cells with up to three junctions. Performance

parameters are shown as a function of the absorber bandgap energy of the bottom sub-cell for different photovoltaic technologies: (a) PCE, (b) open-
circuit voltage, (c) short-circuit current density, and (d) fill factor, along with (e) output power versus device area. The dotted, dashed, and dash-dotted

lines in (a-c) represent the detailed balance efficiency limits for single-junction, double-junction (optimized top sub-cell), and triple-junction (optimized
top and middle sub-cells) devices, respectively [37, 31]. In (e), the dash-dot-dot line corresponds to the efficiency isoline for PCE = 30% and the inset
magnifies the ~1 cm?-area results. Data points are represented by light-colored symbols for reports published before August 2024 and by opaque symbols

for those published thereafter.

a new photovoltage record of V. = 1.938 V for CIGS/perovskite
devices (see Figure 4b), although the small active area of these
cells, ~0.21 cm?, limited their output power (see Figure 4e).

Among CIGS/perovskite cells with active areas >1 cm?, a new
output power record of P,, = 26.8 mW (certified 25.3 mW)
was reported by Ying et al. [45], corresponding to devices with
efficiencies of 24.6% (certified 23.2%). Their approach employed
an antisolvent-seeding strategy designed to decouple SAM
adsorption from dissolution, while simultaneously promoting
perovskite seeding. The authors further suggested that a high-
polarity solvent prevents clustering of SAM molecules during
dissolution, whereas a low-polarity antisolvent promotes high-
density SAMs formation during adsorption. In addition, a pre-
mixed seed layer was introduced to further improve perovskite
wettability, crystallinity, and adhesion. Notably, these devices
were fabricated on flexible substrates, achieving performance
values second only to the best rigid CIGS/perovskite tandems
listed in the efficiency tables from Green et al. [22], which exhibit
similar PCE but with a slightly larger mask aperture area.

The main performance limitation for the CIGS/perovskite
tandems remains the FF. As shown in Figure 4d, the reported

values (FF<80%) are the lowest among all the multijunction
devices published in the last year. In fact, the current FF record
for this technology was also achieved in the flexible cells reported
by Ying et al. [45] with a value of 78%.

An unprecedented number of OPV/perovskite tandem entries is
included in this year’s survey. Among them, the work by Jia et al.
[46] stands out, reporting several record-breaking achievements:
the highest device PCE of 27.5% and a FF of 83.6% for small-
area devices (0.05 cm?), as well as the highest output power of
Py = 27.2 mW (certified 26.9 mW) from a 1.019 cm? device
with a PCE of 26.7% (certified 26.4%). In this study, the authors
optimized the organic narrow-bandgap sub-cell by introducing
an asymmetric non-fullerene acceptor, P2EH-1 V, featuring a
unilateral conjugated 7-bridge that reduced the optical bandgap
to 1.27 eV while maintaining efficient exciton dissociation and
favorable nanomorphology. Transient absorption spectroscopy
confirmed efficient hole transfer from P2EH-1 V to the polymer
donor PMS6, leading to reduced non-radiative recombination
losses.

Tandems based on OPV and perovskite sub-cells face the chal-
lenge that the lower bandgap partner (the organic sub-cell)
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is limited to high PCE materials in the 1.3 to 1.4 eV range
(close to the single junction efficiency maxima). This, therefore,
requires also a higher upper band gap for current matching
(as compared to other perovskite-based tandems) and leads to
the unsurprising situation that OPV/perovskite tandems have
arisen with the highest V. values among the different e-PV
tandem technologies. Several studies report V. > 2.2V, second
only to GaAs/GaInP devices (Figure 4b). The highest V. of
2.230 V was reported by Tian et al. [47], although this cell
exhibited a low FF (75.8%), leading to a PCE = 25.3%. In their
study, efforts focused on reducing optical losses in Au-embedded
interconnection layers by tailoring the shape and size distribution
of Au nanoparticles. By achieving fewer, smaller, and more
uniform spherical nanoparticles, the authors minimized local-
ized surface plasmon resonance absorption while maintaining
efficient electron-hole recombination within the interconnection
layers.

Despite these record V. values, OPV/perovskite tandems still
reach only ~83% of their maximum V., according to the DB
efficiency limit for the corresponding bottom sub-cell bandgaps
(see dashed line in Figure 4b). This value lags behind all-
perovskite and Si/perovskite tandems, which approach ~87% and
~89%, respectively. A similar trend is observed for J., where
OPV/perovskite tandems reach up to ~88.8% of their maximum
Ji, compared with ~91.2% for all-perovskite and ~91.3% for
Si/perovskite tandems (see dashed line in Figure 4c).

All-OPV tandems were recently reported by Wang et al. [48],
achieving a PCE of 21.5% (certified 21.2%). These results rep-
resent the first perovskite-free OPV tandems to surpass the
current record for single-junction OPV cells, while also delivering
improved FF, with the first values exceeding 79% among OPV
tandems. In this work, the authors incorporated a narrow-
bandgap acceptor, BTA-4F, based on a 2-methyl-2H-benzotriazole
(BTA) central core. This acceptor was composed the PBDB-
TF:BTA-4F blend in the bottom sub-cell and, combined with
a wide-bandgap top sub-cell comprising a PB3:FTCC-Br blend,
resulted in reduced recombination for a decrease of V. loss.

The triple-junction all-perovskite devices reported by Hu et al.
[49] achieved a new record PCE of 28.4% (certified 27.28%) for
1cm? devices. These devices outperform all previously reported
all-perovskite triple-junction cells across every performance met-
ric (PCE, V., Ji., FF, P.), representing the first instance of this
device type surpassing the PCE of single-junction perovskite solar
cells. This remarkable performance was attributed by the authors
to the optimization of the narrow-bandgap tin-lead perovskites in
the bottom sub-cell. They highlight that Sn(II) species dominate
interactions with precursors and additives, revealing the unique
role of carboxylic acids in regulating solution colloidal properties
and film crystallization, and of ammonium chloride salts in
improving the optoelectronic properties of the films. Building
on this insight, they introduced materials combining these two
functional groups, amino acid salts, which significantly enhance
the semiconducting quality and homogeneity of the perovskite
films, surpassing the effect observed when the individual func-
tional groups are introduced separately. Moreover, Snaith and
co-workers [49] also demonstrated a quadruple-junction all-
perovskite device achieving 27.9% PCE and an unprecedented
high V. 0 4.94 V.

For silicon-perovskite-perovskite triple-junction solar cells, a new
record power conversion efficiency of 28.7% was reported by
Fuzong et al. [50] for a 1 cm? aperture area. In this study,
3-ammonium propionic acid iodide was incorporated into the
perovskite lattices, which enhanced the phase stability of both
the FAPbI; middle sub-cell and the bromide-rich top sub-cell,
by suppressing the a-to-d transition and reducing light-induced
phase segregation, respectively. Moreover, a 16 cm? triple-junction
silicon-perovskite-perovskite solar cell was reported by Zheng
et al. [51], achieving a certified steady-state PCE of 23.3%, along
with a 1 cm? device reaching 27.06% PCE. The authors attributed
this performance enhancement and remarkable upscaling to the
use of a piperazine-1,4-diium chloride surface treatment, which
effectively replaced the less stable lithium fluoride as a passivator
of surface defects in the top perovskite sub-cell. Additionally,
they optimized the size of gold nanoparticles deposited on atomic
layer—deposited tin oxide, improving ohmic contact while mini-
mizing optical losses at the interface between the top and middle
perovskite sub-cells. This approach enabled a more efficient and
monolithic perovskite-perovskite integration, contributing to the
overall high device performance.

3 | Flexible Photovoltaic Cells

The performance parameters of relevant flexible solar cells are
summarized in Tables 11-16 and illustrated in Figure 5a,b, which
highlight the steady increase in PCE records across nearly all flex-
ible solar cell technologies. However, when considering recent
recommendations for best practices in bending test protocols
by Fukuda et al. [14], and the introduction of the flexible
photovoltaic fatigue factor (F) by Sun et al. [10], Figure 5c-h
presents the subset of the data focused on mechanical stability
and including bending tests. These results indicate that progress
in this area over the past year has remained relatively limited.

The fatigue factor F (see Equation 5 in Table 2), expressed as a
percentage, quantifies mechanical stability relative to “a reference
sample defined as having 99% PCE retention after 10 bending cycles
with 1% strain (£)”. Within this framework, smaller absolute values
of |Fl correspond to lower photovoltaic “fatigue,” while F < 0
denotes performance loss and F > 0 denotes performance gain
after bending tests.

Although most e-PV technologies now report new record efficien-
cies and output powers for 1 cm? flexible solar cells (Figure 5a,b),
the parameterization of bending test results (Figure 5c-h) reveals
little substantive progress in mechanical durability. This is
reflected in modest PCE retentions and fatigue factors. Moreover,
when comparing the total number of PCE records (Figure 5a,b)
with those that also report PCE retention data (Figure 5c-e), the
latter is markedly smaller, which evidences that many publica-
tions on flexible solar cells still omit bending tests. Even among
the studies that do include such tests, only a small fraction report
fatigue factors with |F| < 100% (Figure 5f-h). This limitation can
be attributed to the frequent use of bending radii that correspond
to strain values below 1%. Such mild testing conditions fail to
impose significant stress on the devices, typically yielding results
with very large numbers of bending cycles accompanied by only
minimal PCE loss, or, in some cases, even apparent efficiency
gains.
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FIGURE 5 | Flexible solar cells with the highest performance among e-PV technologies: (a) PCE and (b) output energy as functions of the absorber

(or bottom sub-cell absorber in case of multijunction devices) bandgap energy for various photovoltaic technologies. Bending test performance is
provided: (c) power conversion efficiency retention as a function of (c) number of bending cycles, (d) strain, and (e) substrate thickness; and fatigue

factor (Equation 5 in Table 2) [10] values as functions of (f) number of bending cycles, (g) strain and (h) substrate thickness. The experimental data are

summarized in Section 7.2. In (a), the solid, dashed, and dotted lines indicate 100%, 85%, and 60% of the theoretical single junction DB efficiency limit
[21], respectively. In (b), the dash-dot line in the output power-area plot is the efficiency isoline for PCE = 25%. The lighter and opaque symbols are

reports before and after August 2024, respectively.

In terms of raw PCE, record 25.54% (certified 25.44% on 1.01
cm?) flexible perovskite solar cells were demonstrated by Chu
et al. [52] by suppressing island/coffee-ring instabilities via an
elastic porous meniscus printing regime. This study also showed
90% of PCE retention after 2 500 bending cycles with bending
radius (R) of 5 mm. This mechanical test applied a 0.12% strain to
the sample with over 12 ym-thick ITO/PEN substrates. Notably,
the same methodology delivered 100 cm? flexible modules at
certified 15.65% efficiencies, correlating mesoscale flow control to
device-level uniformity.

At the buried interface, two complementary strategies stand out.
On the one hand, Tang et al. [53] reported a linear polymer,
heparin sodium, “heterointerface bridge” that pushes flexible n-

i-p devices to 25.23% with exceptional mechanical durability with
95.5% PCE retention after 1 000 bending cycles with 1.25% strain
(R = 5 mm). On the other hand, Liang et al. [54] reported a
multifunctional boronic-acid additive (4-BBA) that nucleates a
stress-relaxed, SAM-bridged buried interface in inverted (p—i—n)
stacks, yielding 25.30% (certified 25.13%), record V.. of 1.21 V,
and 95.3% PCE retention after 5000 bends with 0.63% strain (R =
10 mm), suggesting a co-optimization of recombination kinetics
and interfacial mechanics. Moreover, Cai et al. [55] reported a
buried-interface “fastening” strategy for flexible perovskite solar
cells with a top PCE of 24.16% and PCE retention over 86%
after 4000 bending cycles. In this bending test, a 1.56% strain
(R = 4 mm) was applied to the sample, fabricated on 125 pm
PEN substrate. These results were enabled by the introduction
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of hexamethylene diisocyanate into the perovskite precursor and
ethylene glycol on the SnO, electron transport layer, which
simultaneously relaxes gradient residual stress and improves
adhesion.

Ning et al. [56] reported highly oriented acryloyloxy-
ethyltrimethyl ammonium chloride-acrylamine (DAC-AA)-
doped SnO, nanocrystals enabling air-processed flexible PSCs
reaching PCE values of 23.87% (0.092 cm?) and 22.41% (1 cm?).
This approach was also found to decrease the formation of micro-
strain inside the perovskite, leading to 92.5% PCE retention after
10 000 bends with 1.08% strain (R = 6 mm, 130 um PEN/ITO/SnO,
substrate).

The highest (and lowest absolute) values of fatigue factor in
our database over the last year were reported by Guo et al. [57]
who demonstrated CsPbl;-based PSCs on 125 um-thick PEN/ITO
substrates. In their study, the authors introduced an organic sul-
fonate additive, 1-propylsulfonate-3-methylimidazolium chloride
(SMCI), to lower the crystallization temperature of CsPbl;. This
strategy significantly enhanced mechanical stability in bending
tests, yielding 97% PCE retention after 36 000 bending cycles with
1.25% strain (R = 5 mm), corresponding to a fatigue factor of
—53%. This is the smallest absolute value for F among all cells
in this report. As a notable exception, we also highlight that this
study also reported the devices retaining 100.7% of their initial
PCE after 16 000 bending cycles at 2.08% strain (R = 3 mm),
corresponding to an impressive fatigue factor of 7.99%. Notably,
since these results correspond to devices with efficiencies up to
13.86%, whereas CsPbl; cells have already demonstrated efficien-
cies above 21% [58], they raise questions about the fundamental
stability of higher-performing devices, which may be more sus-
ceptible to strain-induced impurities, defects, and morphological
changes.

The next best results in terms of fatigue factor are attributed to
the “self-welding” process induced by visible light enabled by
the incorporation of a functional diselenide polymer, which was
reported by Li et al. [59]. The diselenide was found to accumulate
at the surface and grain boundaries, where it effectively repaired
defects and cracks in perovskite films. As a result, record flexible
PSC PCE values of 24.85% were achieved, with 92% PCE retention
after 15 000 bending cycles under 2.08% strain (R = 3 mm,
125 um-thick PEN/ITO substrate). This experiment led to a fatigue
factor of —91.95% (see Figure 5f-h). Furthermore, a 15.82 cm?
flexible module demonstrated 21.65% PCE with >93% retention
after 15 000 bending cycles.

The highest PCE among flexible organic solar cells was reported
by Chen et al. [60] with values of 19.51% (18.69% certified) over
devices with 0.0625 cm? of active area. In this study, the hole
charge extraction was optimized by combining Ag-nanowire
flexible transparent electrodes and BCzBN:NiO, interlayers cor-
related with compensation of plasmon energy losses, while
boosting electrode transmittance by 10.74%. These devices were
fabricated over 180 um-thick PET substrates and recorded a PCE
retention of 84% after 2000 bending cycles with 1.8% strain (R =
5 mm). Moreover, Li et al. [61] added a thermoplastic elastomer
material (polyurethane, PU) to PM6:PBQx-TF:PY-IT-based active
layer films, resulting in a PCE of 19.40% (certified 19.07%) for
devices with an effective area of 0.102 cm?. Furthermore, they also

presented module-scale demonstrations, with 25 cm? area flexible
modules with efficiencies of 15.48%.

Silver nanowire flexible transparent electrodes with a “smart
targeting layer” including a thiol group that facilitates self-
assembling molecules via S-Ag bonds on the Ag-nanowires were
reported by Xia et al. [62], leading to flexible organic solar
cells with 18.84% PCE (certified 18.56%) on ITO-free flexible
cells. In this study, the effect of bending radius was explored,
resulting in an 85% PCE retention after 2 000 bending cycles with
R=1mm.

Among flexible tandem solar cells, the highest PCE to date was
reported by Sun et al. [63], who achieved a certified 29.88% in
a device with 1.04 cm? aperture area, consisting of a perovskite
top sub-cell over a 70 um-thick heterojunction silicon bottom
sub-cell. This performance was attributed to the high phase
homogeneity of single-cation FA perovskite films, which, unlike
mixed-cation FAMA, facilitated charge transfer across all facets of
the textured Si pyramids while also relieving residual stress at the
silicon/perovskite interface. The devices showed no performance
loss after 2000 bending cycles at 0.11% strain (R = 3.2 cm), with
PCE retention >101% (F > 0). Under higher strain conditions (e
= 0.16%, R = 2.25 cm), the cells retained 98% of their initial PCE
after 50 bending cycles.

Flexible monolithic 1.09 cm?-area CIGS/perovskite tandems by
Ying et al. [45] reached 24.6% PCE (certified 23.8%), developing
an antisolvent-seeding strategy that decouples SAMs adsorption
from dissolution, while integrating perovskite seeding. These
devices were fabricated over 50 pum-thick stainless steel and
retained 93% of their initial efficiencies after 3000 bending cycles
with 0.27% strain (R = 10 mm).

Finally, flexible all-perovskite tandems reported by Li et al.
[64] achieved a 27.5% PCE cell (area 0.049 cm?) and a 23.0%
certified PCE module (area 20.26 cm?). The module also showed
97.2% retention after 10 000 bending cycles with 1% strain
(R = 10 mm), leading to a fatigue factor value of —70%.
This is the smallest absolute value for F among multijunc-
tion cells in this report. This achievement was attributed to
a scalable fabrication strategy based on pretreating the wet
perovskite films with an in situ additive coating under contin-
uous gas quenching. Moreover, slot-die trials toward ~804 cm?
aperture area show that strain-accommodating interlayers are
now scalable.

4 | Transparent and Semitransparent
Photovoltaic Cells

With respect to (semi-)transparent solar cells, progress over the
last year can be clearly observed in terms of two reports achieving
light utilization efficiencies (LUE, see Equation 7 in Table 2)
beyond 6%. Both are based on semitransparent organic solar
cells and constitute new LUE records among all technologies
in the emerging-pv.org database. Overall, 21 new reports have
been entered in this e-PVr, 13 from organic photovoltaics, five
perovskite solar cells, one semitransparent solar cell based on
SbS, and two transparent luminescent solar concentrators (see
Figure 6 and Tables 17-22).
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We again emphasize the importance of consistently reporting the
EQE and transmittance spectra for (semi-)transparent devices in
order to allow accurate estimations and cross-checking of the crit-
ical parameters: AVT (see Equation 6 in Table 2), LUE (Equation 7
in Table 2)), and the photon balance consistency check (PBCC, see
Equation 8 in Table 2). These parameters are key for comparison
and performance assessment in (semi-)transparent solar cells.

In the field of semitransparent OPVs, Yu et al. [65] reported 6.05%
LUE. Their devices employed a novel ternary blend combining
the wide-bandgap donor PBOF with the acceptors eC9 and
PCy,BM, deposited on a SAM hole-transport layer atop a high-
transparency indium tin oxide (ITO) electrode. Together with an
aperiodic dichroic mirror of LiF/TeO, layers on top of an 11 nm
thin silver electrode, record cells achieved a PCE of 12.2% and an
AVT of 49.6%. Such semitransparent organic solar modules could
serve as smart windows to provide energy and to save energy due
toreduced cooling needs, especially in climates with hot summers
and warm winters.

In another study, Ding et al. [66] added a third component, BTO-
BO, into the D18:BTP-eC9 photoactive layer, which was processed
from non-halogenated toluene. This improved the stacking of the
donor polymer from H-type to J-type aggregates, which reduced
absorption in the visible while improving charge transport. With
a PCE 0f 13.3% and an AVT of 45%, an LUE of 6.02% was achieved
when a thin Ag electrode was complemented with TeO,. Without
this layer, an LUE of 3.86% at a PCE of 13.3% and AVT of 26% was
achieved. Interestingly, the authors also showed semitransparent
solar cells on flexible PET substrates (LUE 3.42%) and a 15 cm?

mini module (LUE 4.53%), highlighting efforts in transparent
solar design combined with upscaling. Considering the selective
transparency in the 400-700 nm wavelength range, where plant
pigments primarily absorb light, experiments growing sprouts
under semitransparent solar modules showed no adverse effects
on plant growth compared with glass. These results demon-
strate the potential of integrating photovoltaics with agriculture
(agrivoltaics), particularly in applications such as greenhouses
[67].

A notable example of semitransparent organic solar modules was
shown by Han et al. [68], which used o-xylene processed absorber
layers that combined PCEIO with a modified BTP-eC9 acceptor
(eC9-2Cl). On the cell level, they reached 10.2% PCE and 42%
AVT leading to an LUE of 4.3% in the best performing device,
in which a thin Ag electrode was complemented by a LiF/MoO,
outcoupling double layer. On the minimodule level, this approach
led to almost 4% LUE in 25 cm? devices, highlighting the progress
towards visibly transparent energy-generating windows. In a
similar device architecture, Yang et al. [69] investigated layer-by-
layer processed PCE10-2F/4FY, in which the fluorophenyl outer
groups of 4FY led to tighter packing as compared to using Y6
as the acceptor. As a result, an AVT of 45% together with 10.8%
PCE resulted in 4.91% LUE in semitransparent OPVs. Moreover,
an 18 cm? mini module also showed a noteworthy LUE value of
3.1%.

Thin Ag electrodes can also be used to build Fabry-Pérot
microcavities, in which a dielectric is placed between two Ag
layers. Based on the refractive index of the dielectric and by
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tuning the layer thicknesses, wavelength-specific transmission
through the microcavity can be tuned, allowing adjustable colors
of such semitransparent devices. Based on this approach, col-
orful semitransparent organic solar cells have been shown by
Khandelwal et al. [70] in violet, blue, green, red, and magenta,
with efficiencies over 11%. Inherently, due to transmittance peaks
at certain wavelengths, the overall AVT of these devices with
less than 10% is rather low, and so is the LUE (<1%). Using a
similar approach, Deng et al. [71] have shown how to combine
power with art. Based on high-throughput optical computing
and experimental optimization, they realized navy, sky blue,
azure, yellow, vermilion, and brown colors in order to replicate
an iconic modern artwork, “Composition C” of Piet Mondrian,
over a slot-die coated semitransparent organic solar module.
In their work, the highest LUE of 1.7% was achieved for a
green colored semitransparent cell with a PCE of 15.8% and
11% AVT.

As an alternative electrode, silver nanowires (AgNW) can be
solution-processed, and compared with thin Ag layers, they
generally offer higher transparency without the need for addi-
tional optical outcoupling. Wu et al. [72] developed a sandwich
electrode of AgNW and PDINN to achieve PM6:BTP-eC9:L8-BO
semitransparent OPVs with 44% AVT and 9.5% PCE, leading to an
LUE of 4.2%. Interestingly, complementing the AgNW electrode
with a 30 nm TeO, layer, the ratio between the PCE values of rear-
and front-side illumination (i.e., the bifaciality factor) exceeded
95% on average at an LUE of 3.7%.

From the developments in semitransparent perovskite solar cells,
the most noteworthy addition in the last year is a new LUE
record for the lead-free Cs,AgBiBr, absorber in the work of
Barichello et al. [73]. Semitransparent solar cells with the 2.65 eV
wide-bandgap perovskite, blade-coated with 400 nm thickness,
achieved a PCE of 3.1% with an AVT of 51%, leading to 1.55% of
LUE. Notably, a 6 cm? semitransparent mini module was also
fabricated with a PCE of 1%.

Highest transparencies are typically achieved with TLSCs. In the
last year, Chonlateeroj et al. [74] reported a new class of self-
absorption-free luminophores of which, embedded in a PMMA
matrix, HBTM achieved an LUE of 0.60% with an AVT of 88%
and an overall PCE of 0.68% with Si solar cells mounted to the
edges. An even higher AVT of 90% was achieved by Xia et al.
[75] based on MAPbBr; luminophores directly synthesized in a
PVDF-HFP matrix. With a PCE of 0.96% based on edge-mounted
Si solar cells, an LUE of 0.86% was achieved. Interestingly, the
high mid-infrared emission of the luminescent film could at the
same time be used for radiative cooling and, thanks to a back ITO
electrode, cooling properties can either be regulated by flipping
the TLSC or even active heating can be applied, demonstrating
the possibilities towards functionalized windows and zero-energy
buildings.

5 | Operational Stability in Emerging Research
Solar Cells

The operational stability of e-PV technologies remains a critical
issue for both scientific research and industrial deployment.
We have updated the latest literature reporting stability tests

conducted under continuous 1 sun illumination for 200 h and/or
1000 h, as summarized in Tables 23-25 and Figure 7. Importantly,
in this update, we incorporated datasets and plots for ty; (see
Equation 11 in Table 2), as a new figure of merit for systematic
quantitative assessment of performance stability in the e-PV
reports. From this expanded dataset, several notable trends and
characteristics are evident, reflecting the latest progress as well as
the persistent challenges in the field.

Among the general trends that remain unchanged compared
with previous editions of the e-PV surveys, we highlight the
still limited availability of data on performance stability. Most
stability tests in the literature continue to follow procedures
similar to the ISOS-D dark storage experiments [76], rather than
the recommended ISOS-L protocols [76]. This trend is particularly
critical for emerging technologies other than perovskite-based
devices, as illustrated by the fact that only a single non-perovskite
performance study was reported for an OPV. This work by Liu
et al. [77] introduced an in situ-derived inorganic SiO,N, inter-
layer to passivate surface defects in the ZnO electron transport
layer through the formation of Zn-O-Si bonds. The SiO,Nj layer,
prepared by curing a solution-deposited perhydropolysilazane
(PHPS) film, enhanced charge extraction from the active layer
and effectively suppressed the decomposition of non-fullerene
acceptors at the ZnO interface. As a result, the ZnO/SiO;N,-based
devices retained 94% of their initial PCE after 2 000 h of aging,
representing one of the most stable and best-performing OPVs
reported to date.

Another persistent trend is the greater availability of stability
tests lasting over 200 h (Figure 7a—c), compared with experiments
extending beyond 1000 h (Figure 7d—f). However, the inclusion of
the newly reported to5 values (Figure 7g-i) now provides further
insight: most of these ty; values fall below 1000 h. This observation
is consistent with the higher absolute degradation rates observed
for 200 h of stability tests (up to 0.3% loss per day, Figure 7c)
compared with those reported beyond 1000 h (up to 0.07% loss
per day, Figure 7f). Moreover, despite the still limited number
of results with 55 > 1 000 h, the apparently increasing trend
shown in the publication time evolution of Figure 7i suggests
significant progress could be reported within the next two to
five years.

In terms of bandgap energy, both the energy yield (Figure 7a,d)
and the t,; values (Figure 7g) continue to show the typi-
cal clustering around E, values corresponding to the most
efficient devices—for example, 1.55 eV for perovskite and
1.44 eV for OPV cells. This clustering is likely a practical
outcome: researchers tend to prioritize the time-consuming
stability tests only after strong indications of high device qual-
ity, such as record-breaking PCE results. However, this raises
a question: could there be materials with potentially higher
operational stability—and therefore greater long-term energy
yield—even if their initial performance is not state-of-the-
art? Exploring this possibility would be particularly relevant
for perovskite and organic solar cells with narrower or wider
bandgaps.

Comparing energy yields and PCE values in Figure 7b,e, one
can see that perovskite single-junction devices now commonly
achieve initial efficiencies exceeding 26%, delivering energy yields

Advanced Energy Materials, 2025

150f 58

95U8017 SUOUIOD A1) 3[cfedt [dde 8y Aq paueA0B 8.2 S9o1Le YO ‘9Sh J0 S9INJ 10} ATeIq1T8UIIUQ AB]IA UO (SUOTHPUOD-PUR-SWLBI LD B | 1M Aleq 18Ul Uo//:Sdy) SUONIPUOD pue swie | 8y} 88S *[520z/ZT/2T] Uo ARiqiauluo AS|im (1IMD) 0ju| U 8pUNSIA J00A WNNWBD AQ SZ6505202 WUSE/Z00T 0T/I0p/W00" A8 1M AeIq 1jeul U0 pesueAe//Sdny Wolj pepeojumod ‘0 ‘0r89rTIT



(a) (b) (c) Crereing v ore 2095 08,30
O PsCs @ oPvs @ DSSCs 35 0o
@ 2jall-perovskite &> 2jGaAs/perovskite 0.1F O H4.2
O 2jCIGS/perovskite [ 2] Si/perovskite _ -0
— 10} O 2jOPV/perovskite B 3jall-perovskite £ 30 __ ool oo &
§ = —
5 -- < 3jSi-perovskite S = e 0 ;g
< . I © 01l 4-4.2 7
[ < o
= g 25) & S
: £ E ® o P X
uy § 0.2 @) % O 1 8.3 S
20+ O o
9 0.3+ > 1-125
0] O
N NN R <o R U Rt NSRRI TR b
1.2 1.4 1.6 1.8 2.0 5 10 15 20 25 30 35
Bandgap energy (eV) Initial PCE (%) Initial PCE (%)
(d) (e) (f)
35 le)
0.00 o Joo
30l - -
o~ g S S
5 = O] S-003f © 8 1025
g o ' x =
= 8 25+ = @ S,
= — > =
= 5} ’ o = @) g
] 5 o -0.06 - o) H1-04 2
S o o
" w20+ (@) =
4 @)
10 F .
. O
15 It w w w 0.15 Q O .09
: : : : : 15 20 25 30 35 ‘ ‘ ‘
1.2 1.4 1.6 1.8 2.0 15 20 25 30 35
Bandgap energy (eV) Initial PCE (%) Initial PCE (%)
(g) (h) (i)
3000 | 3000 F 3000 F 125
2000 | 8 2000 F &) 2000 F O 8 -
= = S © o 5
5 K K :;n
1000 F &) 1000 f o 1000 f (()) 42
o P o ;@ ﬁ
@ 9o % O ©) @OQ - O 2.0
0" & 9@ 0 o ‘ ol 8 DP9 of .. ‘ O ao
1.2 14 1.6 1.8 2.0 15 20 25 30 35 2022 2023 2024 2025 2026

Bandgap energy (eV)

Initial PCE (%)

Publication date

FIGURE 7 | Operational stability under 100 mW cm™2 illumination at MPP conditions during 200 h (a-c) and 1 000 h (d-f) of testing. Analysis
parameters include: (a,d) stability test energy yield (STEY, Equation 9, Table 2) as a function of bandgap energy, (b, e) final as a function of initial power

conversion efficiency, and (c, f) degradation rate (Equation 10 in Table 2) as a function of initial efficiency. The characteristic to5 times are also plotted
as a function of bandgap energy (g), initial efficiency (h), and publication date (i). Experimental data are summarized in Section 7.4. The solid and dot-
dashed blue lines in the STEY plots (a, d) represent the detailed balance theoretical limits for single-junction and double-junction devices, respectively.

In (b, e), the diagonal dot-dot-dashed lines indicate where the final and initial efficiencies are equal. In (c, f), positive values above the horizontal dotted

line denote devices where the PCE increased relative to the initial value.

>5Wh cm™2 after 200 h (Figure 7a) and >24 Wh cm~2 after 1000 h
(Figure 7d) of operational stability test. Notably, efficiencies
measured after 200 h and 1000 h are in some cases higher than
the initial values, consistent with the positive degradation rates
observed in Figure 7c,f.

Multijunction devices, particularly silicon/perovskite tandems,
have reached initial efficiencies above 34%, while also delivering
the highest energy yield in the e-PV database, surpassing 30 Wh
cm™2 after 1000 h of testing. Xu et al. [78] attributed this perfor-
mance to a bilayer interfacial passivation strategy, which incorpo-
rated ultrathin LiF layers followed by deposition of diammonium
diiodide molecules at the perovskite/transport layer interface.
This approach effectively suppresses non-radiative recombina-

tion, enhances charge extraction, and the tandem cell achieves
a certified stabilized PCE of 33.89%, with a high FF (83%) and a
V.. of 1.97 V. However, this multilayer design also resulted in an
accelerated degradation rate of 0.16% per day—more than twice
the value reported for the most stable single-junction perovskite
solar cells. Similarly, high absolute degradation rates (>0.2% loss
per day) have been observed in other tandem devices tested for
less than 1000 h (Figure 7c). This early-stage decline is likely
associated with the complex interfacial engineering required in
tandem architectures.

The lowest degradation rate for a device with initial PCE over 25%
is calculated for the operational stability test reported by Zhu et al.
[79] with a value of —0.003% per day. In their work, tris(2,4,6-
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trimethyl-3-(pyridin-3-yl)phenyl)borane (3TPYMB) was incorpo-
rated through hydrogen bonding and Lewis acid-base interac-
tions with perovskite surfaces and grain boundaries. As a result,
their unencapsulated devices maintained 97.8% of the initial PCE
after 1,800 h of continuous maximum power point operation
under N, atmosphere, 1 sun illumination, and 60°C conditions.
Rather than relying on external surface passivation, this strategy
leverages hydrogen bonding and Lewis acid-base interactions
to directly modulate perovskite grain surfaces and interfacial
energy levels. This approach enhances charge transport while
mitigating interfacial degradation from ionic migration, thereby
enabling the simultaneous achievement of high PCE and long-
term stability.

The highest values E,y, (Figure 6d) and f,; among cells with
PCE>25% (Figure 7h) were reported by Wu et al. [80], for an
encapsulated perovskite solar cell that retained 97% of its initial
25.5% PCE after 2000 h, corresponding to an energy yield of
26.2 Wh cm™ under maximum power point (MPP) tracking
at 1 sun white LED, ~45°C, ~60% relative humidity in air. In
this work, the authors designed diradical SAMs via a coplanar
donor-acceptor conjugation strategy to facilitate hole trans-
port across the interface. The diradical SAMs simultaneously
enhanced hole conductivity, chemical stability, and large-area
processability by combining the intrinsic diradical character with
sterically hindered molecular design. These synergistic improve-
ments represent a significant advance toward scalable and
durable PSCs.

Notably, caution is warranted when interpreting records obtained
from operational stability tests conducted at temperatures
close to room temperature under white LED illumination,
rather than following the ISOS-L-2 protocol, which recom-
mends testing at a minimum of 65°C with solar simula-
tors [76]. In such cases, uncertainties remain regarding the
impact of thermal stress and ultraviolet (UV) or near-infrared
(NIR) photon fluence on device stability. Consequently, it is
unclear whether these results represent a genuine breakthrough
in stability or are primarily specific to the reported testing
conditions.

6 | Conclusions

The 2025 (and sixth) edition of the Emerging PV Report highlights
significant progress across nearly all e-PV material families and
device architectures, while also underscoring persistent chal-
lenges that must be addressed before widespread deployment.
Perovskite devices remain the clear front-runners, approaching
90% of their detailed balance efficiency limit and exceeding
27% certified PCE in single junctions, with Si/perovskite tan-
dem configurations achieving >34%. Organic photovoltaics have
consolidated record efficiencies above 20%, although their rel-
ative proximity to the detailed balance efficiency limit remains
lower (~65%), constrained by non-radiative recombination losses
that limit their V.. Other material classes, such as kesterites,
matildites, antimony seleno-sulfides, and selenium, continue
to advance incrementally, setting new efficiency and out-
put power benchmarks but still lagging behind in absolute
performance.

In terms of applications, flexible and transparent PVs show
encouraging progress in efficiency, module scaling, and inter-
facial engineering strategies, yet their mechanical durability
remains underexplored. The introduction of the fatigue factor
(F) [10] metric and adoption of best practices for bending test
protocols [14] are critical steps toward standardizing evaluation
and comparability in this area. Likewise, operational stability
remains a bottleneck: while some single-junction perovskites
have demonstrated >2000 h of near-stable operation, tandem
devices exhibit higher early-stage degradation, likely linked to
interfacial complexity.

Looking ahead, three main priorities are highlighted for the
e-PV community: (i) broadening stability and durability stud-
ies across technologies and operating conditions, particularly
beyond perovskites; (ii) scaling device areas without sacrificing
homogeneity and reproducibility; and (iii) advancing standard-
ized protocols and database-driven benchmarks to accelerate
cross-comparison and transparent reporting. By addressing these
gaps, e-PV technologies can transition from laboratory success
to reliable, versatile contributors in the global photovoltaic
landscape.

7 | Tables

The tables below list the reports on the best achievements in most
of the established and emerging PV technologies as a function
of the device bandgap Eg. Unless otherwise noted, the Eg values
were estimated by fitting the absorption threshold region of the
corresponding EQE spectra to (Equation 2 in Table 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 [6]. The new reports
from articles published since August 2024 are highlighted in
bold. The older reports from articles published before August
2024, which were already included in our previous surveys, are
referenced to the corresponding e-PVr version. In contrast, each
older report that was missed in the corresponding previous e-
PVr is now included with its corresponding individual citation.
All citations, further data, and visualization tools can be found
on the emerging-pv.org website. This website and database are
the main and recommended data collection path for inclusion in
the e-PVr and a useful instrument that complements the tables
below.

In the case of PCE reports of PSCs showing hysteresis behavior
in the J-V characteristic, while sweeping the voltage in dif-
ferent directions and/or scan rates, the lower PCE value has
been considered in each case. This is discussed in detail in
Section S1.1.

For 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 6), in Table 2, is used
in the original published article.

7.1 | Highest Efficiency Research Solar Cells
Tables
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TABLE 3 | Perovskite single-junction solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap
energy (from the EQE spectrum) [15].

E, [eV] PCE [%] Voo [mV] J. [mA cm~2] FF [%] Absorber perovskite Refs.
112 12.4 967 175 72.9 MAPD, sSn, sBr,:Bi** :BA,MA,Sn.], [3]
118 243 1070 29.1 78.0 FA,,MA,;Pb,,Sn,,I,/BTBTI:PCBM [3]
118 23.4 1067 28.9 75.8 FA,;MA, ;Pb, ,Sn, ;1,/BTBTI:PCBM [3]
1.24 23.5 882 32.7 81.6 Cso1FAysMA, ;Pb, sSn, I, [81]
1.25 23.7 887 32.8 81.7 Cso.FA,cMA,;Pb, sSn, .1, [40]
1.26 23.9 900 33.1 80.0 Cso,FA,cMA,;Pb, ;Sn, .1, [49]
1.26 23.4 871 33.0 81.4 FA,,MA, ;Pb, sSn, sI; [4]
1.26 232 880 32.8 80.1 FA,,;MA, ;Pb, sSn, 1, [5]
1.27 24.2 894 33.4 80.9 C80.2FAg 76Rbg 0Py S 515 [82]
1.27 221 850 323 80.3 FA,,MA,sPb, ;Sn, I [5]
1.28 20.6 842 30.6 80.1 FSA: FA,,MA, ;Pb, sSn, 5L, [2]
1.28 21.7 850 316 80.8 FSA: FA,,MA,;Pb, Sn, ], [2]
1.28 21.2 820 325 79.3 Cs,.,FA,5Pb, sSn, 515 [4]
1.29 233 880 32.8 80.8 CS0.005FAg 47sMA sPby sSN s B 7515 005 (3]
1.29 20.3 842 316 76.3 Csy17FAy 53Pby sSny 51 [4]
1.29 19.5 810 321 75.0 CS0.25FA 5 Pby s8Ny 51 [4]
1.30 18.8 820 29.6 77.3 FA,sMA,,Pb,,Sn I, [2]
1.30 17.1 840 27.9 73.0 CSp 0sFA¢sMA 15Pby sS1 5T [2]
1.31 5.0 420 23.8 50.3 CsSnl, [2]b
1.31 7.1 486 22.9 64.0 MASnI, [2]P
1.31 14.1 740 26.7 71.4 CS0.25FA 5Pby s Sy sl [2]
1.32 11.6 720 23.4 68.9 MAPb, .S Bry,L ¢ [2]
1.33 7.5 450 24.9 67.0 CsSnl;:MBAA [2]
1.34 10.0 767 20.5 63.6 MAPb, ,Sn, 1, [2]
1.34 121 780 20.7 75.1 MAPb, ,Sn, ¢Bry L [2]
1.35 211 846 31.4 79.5 FAPb, sSn, 15 [5]
1.35 16.3 780 26.5 79.0 FAPb, ,Sn, 1, [2]
1.36 8.2 630 19.7 66.1 CsSnl, [2]
1.37 14.7 737 271 73.6 FA,;MA,,Pb,-Sn, I, [2]
1.38 17.3 810 28.2 75.4 FAPb, ;551 515 [2]
1.38 15.2 800 26.2 72.5 MAPb, 5Sn, 51 [2]
1.39 20.6 1020 26.6 76.0 FA,,MA,;Pb,,Sn 1, [2]
1.40 15.4 856 24.8 2.4 FA, sPEA, sSnl, [5]
1.40 15.1 815 25.2 73.6 FA, & PEA, sSnl; [5]?
1.40 8.2 745 17.8 61.8 MAPb, (Sn, I, [2]
1.40 10.1 655 221 69.6 FASnI, + DipI + NaBH, [3]
1.41 14.0 780 23.6 76.3 FASnI, [5]
1.42 17.1 830 26.9 76.7 CsPb, ¢Sn, 15 [5]
1.42 14.3 920 20.4 76.2 FASnI, [3]
1.42 14.4 820 22.4 78.0 MAPb, ;sSn, 51 [2]
1.42 13.2 840 20.3 78.0 EAq 00sEDA o, FA( 55,5115 [2]
1.43 15.7 974 21.7 741 FASnl, [5]
(Continues)
18 of 58 Advanced Energy Materials, 2025

95U8017 SUOUIOD A1) 3[cfedt [dde 8y Aq paueA0B 8.2 S9o1Le YO ‘9Sh J0 S9INJ 10} ATeIq1T8UIIUQ AB]IA UO (SUOTHPUOD-PUR-SWLBI LD B | 1M Aleq 18Ul Uo//:Sdy) SUONIPUOD pue swie | 8y} 88S *[520z/ZT/2T] Uo ARiqiauluo AS|im (1IMD) 0ju| U 8pUNSIA J00A WNNWBD AQ SZ6505202 WUSE/Z00T 0T/I0p/W00" A8 1M AeIq 1jeul U0 pesueAe//Sdny Wolj pepeojumod ‘0 ‘0r89rTIT



TABLE 3 | (Continued)
E, [eV] PCE [%] V,. [mV] J,. [mA cm~2] FF [%] Absorber perovskite Refs.
1.43 12.4 949 17.4 74.9 FA, ssPEA,,5Snl,:NH,SCN [2]?
1.44 24.0 1130 28.5 75.4 PM6:Y7:PCs, BM/MAPbCLI, [83]
1.44 12.2 716 23.8 71.9 EA 00sEDA 0, FA 55,G€0.055N0 0515 [84]
1.44 12.3 750 217 75.3 EAg 40sEDA o1 FA g6, Sn1, [3]
1.44 10.1 642 222 70.8 Cs,.,FA,4Snl; [2]*
1.44 10.2 638 22.0 72.5 FASnI;:FOEI [2]*
1.45 14.8 820 25.2 71.69 FASnI;:FPEABr [5]
1.45 14.0 828 24.0 69.3 FASnI;:FPEABr [3]*
1.45 133 907 21.2 69.2 FAg-sMA, ,5SnBr 551, 15 [5]
1.45 13.6 840 22.9 70.8 FASnI, [3]
1.45 12.8 869 19.6 74.5 FARDbSn(Br,CLI), [4]
1.46 14.2 821 23.3 74.1 FASnI, [5]
1.46 12.0 774 22.6 69.24 FASnI, [5]b
1.46 1.4 700 22.6 72.3 FASnI, [5]
1.47 13.1 770 22.9 74.4 Cs0.0sFA 0sSNI, [4]
1.48 6.0 460 23.9 539 CsSnl, [2]
1.49 223 1090 26.3 78.0 FA,MA, ,PbI, (sc) [2]
1.50 26.3 1190 26.3 84.1 FAPbDI, [85]
1.50 26.1 1100 26.0 84.0 FAPDI, [85]*
1.50 245 1166 25.7 82.0 FA, osRb, osPbI, [5]
1.51 25.6 1193 24.9 85.9 CS0,025FA¢ 90 MAg 075 PbI, [5]
1.52 26.5 1175 26.3 85.9 FAPDI, [86]
1.52 26.2 1172 25.7 82.0 FAPDI, [86]*
1.52 26.1 1164 26.1 85.7 CS,05FAg 05 PbI; [5]
1.53 26.8 1191 26.6 84.4 FAPbDIL, [23]
1.53 26.0 1190 26.0 84.0 FAPDI, [23]*
1.53 26.5 1180 26.4 86.2 CS0.0sFAssMA, , PbI, [5]
1.53 26.2 1174 26.1 85.2 CS0sFA ssMA, PbI, [5]2
1.54 26.9 1203 27.1 82.3 ¢ [22]*
1.54 27.3 1200 26.3 85.4 ¢ [22]
1.54 26.5 1182 26.5 84.5 FAPbDI, [87]
1.54 26.2 1179 26.4 84.3 FAPbDI, [87]*
1.54 26.0 1170 26.2 84.8 Csy,FA,sPbl, ,Br, [5]
1.54 25.2 1175 25.6 83.8 Cs,,FA, o PbI, [24]°
1.55 26.4 1210 26.1 83.3 Cso,FA s Pb Bry, I, [88]
1.55 26.0 1207 25.9 83.3 Csy,FA, s Pb Br, I, [88]°
1.55 26.0 171 25.6 86.5 C0 0sFA) 931 MA 010 PbI, [5]
1.55 26.0 1193 26.0 84.0 FAg 9;MA03PbBrg 0oL, o1 [5]
1.55 25.7 1184 25.7 84.2 CS0.0sFAg 95 MAg 616 PbBy 06 .04 [5]
1.55 25.7 1188 25.7 84.2 C5S0.05sFAg 051 MAg 10PbBI 061, 04 [5]2
1.55 25.7 1170 25.7 853 Csy,FA, oPbl, [5]*
1.56 25.5 1209 25.5 82.5 CS0.0sFAssMAg 10PbBr o010, [89]
1.56 25.4 1185 25.4 84.6 CS0.0:FA 0 060sMAg 0207 PDB 061, 01 [5]
(Continues)
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TABLE 3 | (Continued)

E, [eV] PCE [%] V,. [mV] J,. [mA cm~2] FF [%] Absorber perovskite Refs.
1.56 252 1201 24.8 84.5 C80.0sFA¢ 5025 MAg 0475 PBI 151, s [4]
1.56 25.1 1209 24.7 83.9 CS0.05FA0 002sMA 0475 PbBI 151, g (4]
1.56 25.1 1195 24.9 84.4 FA(.00sMAy 00sPbBIy o151 ogs [3]
1.56 25.2 1180 24.1 84.8 c [2]*
1.56 25.2 1181 25.1 84.8 FAMAPbD(L,Br,Cl), [2]?
1.56 25.3 1193 251 84.6 FAMAPb(I,Br,Cl), [2]
1.57 26.3 1211 25.3 86.0 CS0.0sFAgoMA, osPbBr 5L, 5 [90]
1.57 25.8 1194 255 84.9 CS0.05FAp 002sMA 0475 PbBI 151, g [5]
1.57 25.7 1190 26.0 83.2 FAPbI, [5]
1.57 25.6 1190 25.0 86.0 Csy,FA(sPbBr, o1, [5]
1.57 24.7 175 26.0 0.8 FAPbI, [5]2
1.57 24.4 1190 25.6 80.2 FAPb(I,Cl), [4]
1.57 23.6 179 24.3 82.4 FAPb(I,Cl), [4]
1.57 231 1170 238 82.7 CS0.05 FA)002sMAg 475 PbBIy 151, g [4]
1.57 23.0 1170 24.1 81.6 CS0.0sFAo ssMA o7 PbBIy 5,1, 76 [2]
1.57 23.0 1147 251 79.9 FAy0sMA, 0sPbBry 151 g5 [3]?
1.57 23.4 1153 25.2 80.6 CS0.0sFAg sMA 1sRbg 0sPbBI 151, 5 3]
1.58 229 173 23.4 80.0 CS0.0sFAqsMA 0sPbBry 5615 2 3]
1.58 226 1186 24.2 78.6 FAg6:MA, 0sPbBry 5,1, 7 [2]?
1.58 226 1178 2.73 84.4 c [2]
1.59 25.7 1176 25.9 84.6 CS0.0sFA¢ 857 MA 076 PbBr 541, 76 [91]
1.59 237 1216 239 81.6 Cs0sFA s MA(13PbBI, 301, 1 [5]
1.59 21.0 1140 23.7 77.7 FA(gsMA15sPbBI 451, s [2]
1.60 231 1162 241 82.5 CS0.0sFAsMA, , PbBr, I [5]
1.60 221 1150 24.1 79.8 Cs00sFAossMA, ; PbBr 1, 6 [5]°
1.60 20.3 1130 23.2 77.4 MAPbH(CLI), [2]
1.61 21.4 1120 231 82.9 MAPbDI, [2]P
1.61 215 1192 21.6 83.6 CS0.0sFAossMA o7 PbBI 44, 56 [2]
1.61 232 1240 221 84.5 CS0.0sFAo ssMA o7 PbBIg 441, 6 [2]
1.61 226 1200 24.0 785 CS 07FA) 76sM A 135RDg 03 PbBI 4L, 55 [2]
1.62 21.7 1180 22.5 81.7 MAPDI;-DAP [2]
1.63 20.3 1130 23.4 76.8 CS0sFA)6MA1oPbBI 61, [2]
1.64 22.4 1130 237 83.8 CS0.0sMAg 1425 FAg 075 PBI 451, 55 [3]
1.64 20.4 1140 236 75.8 CS0.0sFA06MA 1sPbBry 5, L, 4o [2]
1.65 22.4 1200 22.2 84.3 CSo.17FA, 53 PbBr, 41, , [45]
1.65 21.9 1256 21.0 83.0 Cs1sFA sMA, 0sPbBr 61, [5]
1.65 21.9 1230 21.2 84.0 C80,FA),MA,PbBr, 4y, 55 [3]
1.66 213 1260 20.5 82.6 Cs015FAp sMA,,PbBry 1, 4 [5]
1.67 216 1240 213 818 CS0.213FA¢ 755 MA 63 PbBI 437 Clo 001 47 [5]
1.68 22.8 1240 21.8 84.3 CSo.05s FAqsMA, 1sPbBr; 551, 55 [92]
1.68 22.7 1200 225 84.1 Cs0sFA)sMA s Pb Bry 551, 5 [5]*
1.68 20.7 1220 213 79.7 CSo.05 FAgsMA15sPbBry 551, 5 [2]
1.69 20.7 1220 20.6 82.1 CsPbl, [4]
(Continues)
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TABLE 3 | (Continued)

E, [eV] PCE [%] V,. [mV] J,. [mA cm~2] FF [%] Absorber perovskite Refs.
1.70 21.6 1220 21.7 815 CsPbl, (4]
1.70 21.2 1244 20.6 82.5 CsPbl, [4]
1.70 20.3 1230 20.3 81.5 CsPbl, [4]
1.70 20.2 1176 20.8 82.5 CsPbl, [3]
171 213 1300 19.7 83.4 Csy,FAosMA,, PbBry o1, [5]
1.72 21.9 1260 21.0 82.6 CsPbl, [58]
173 14.1 1230 15.9 72.7 Cs,,FA, oPbBrl, [5]
1.74 18.3 1269 18.9 76.3 CS0.00sMAg 1425 FAy 7125 Rbg os POBIL, [2]
1.74 20.0 1274 18.2 86.3 CS0.16FA050MA 0 PbBIy 065 04 [4]
1.74 20.2 1210 19.3 86.5 Csy,FA(sPbBIr, o1, [3]
175 19.8 1310 19.4 78.0 Csy17FA, g PbBr 1, [2]
1.76 18.5 1210 20.0 76.4 CS0.0sFAg 70MA, 1sPbBI, 51, [2]
1.77 20.7 1332 18.3 84.8 Cso,FA, sPbBr, 1, ¢ [93]
1.77 19.5 1340 17.6 83.0 Csy,FAysMA,,PbBr, 1, [5]
1.78 19.8 1350 17.7 83.1 Cs,FA,sPbBr; 1, ¢ [5]
1.79 20.8 1370 18.1 83.6 Cso,FA, sPbBr, 1, ¢ [94]
1.79 19.6 1324 17.9 83.0 Csy4sDMA,,FA, sPbBr,,,Cl, 11, 16 [5]
1.79 19.3 1330 17.3 83.9 Csy,FA(sPbBI, 1, [4]2
1.80 19.5 1330 17.8 82.7 Cs,FA,sPbBr; 1, ¢ [5]
1.80 19.1 1274 17.7 84.5 Cs,,FA,PbBr, 1, ¢ [4]
1.81 16.3 1220 17.0 78.6 CS.4FA( 6 PBI, 5], 05 [2]
1.82 17.2 1266 16.8 80.9 Cs35FA, ¢sPbBI; 51, [3]
1.83 16.9 1240 16.9 80.7 FA, MA,,PbBr, ], ¢ [3]
1.84 15.2 1260 15.6 77.3 Csy,FA,sPbBI, 1, <-DAP [2]
1.85 18.8 1387 16.1 84.2 Cso,sFA, ,sPbBr, .1, [95]
1.85 18.1 1360 16.0 83.0 Cso,FA,sMA,, PbBr, I, 5 [5]
1.86 17.0 1340 15.9 79.8 CsPbBr, 1, ,5-0.5FAOAC [2]
1.87 14.0 1280 14.0 78.1 CsBa,,Pb, 4Brl, [2]
1.87 13.7 1220 14.6 76.8 CsEu, osPb o5 Brl, [2]
1.88 19.2 1440 15.9 84.0 CsPbBrI, [94]
1.88 17.4 1420 15.0 81.4 CsPbBrl, [3]
1.89 16.0 1310 15.8 775 CsPbBrl, [2]
1.89 15.6 1300 15.3 783 CsPbBr, L, [2]
1.90 15.0 1240 16.0 75.6 InCl;:CsPblL,Br [2]*
1.90 16.5 1242 16.3 81.3 CsPbBrl, [4]
1.90 16.1 1320 15.3 79.7 CsPbBrl, [2]
1.90 14.5 1300 14.3 78.1 CsPbBrI, [4]
1.90 14.7 1302 14.2 79.6 CsPbBrI, [4]
1.90 14.2 1210 14.8 79.0 CsPbBrl, [5]
1.90 14.0 1269 14.9 73.8 CsPbBrl, [4]
1.91 16.2 1393 14.0 835 Csy1FAosMA,, PbBr, I, , [5]
1.91 14.5 1300 14.3 77.8 CsPbBrl, [4]
1.91 14.4 1312 15.6 70.1 Csy3FA, 7 PbBr 4], [2]
(Continues)
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TABLE 3 | (Continued)

E, [eV] PCE [%] V,. [mV] J,. [mA cm~2] FF [%] Absorber perovskite Refs.
1.91 14.2 1160 15.7 77.9 CsPbBrl, [2]
1.91 2.0 620 5.4 60.8 MA,Sb,1,+HI [2]°
1.93 16.6 1417 14.2 82.7 CS0.25FAg o MA15PbBI; I, 5s0CNy 45 [5]
1.94 13.4 1240 14.2 76.0 CsPbBr, 1, 4 [3]
1.98 8.3 1080 12.3 62.0 CsPbBr,I [2]
1.99 13.4 1312 13.4 76.3 CS055Rbg 1sPBI, 531, 75 [4]
2.00 9.6 1185 11.2 723 CS.5FAggsPbBI, I [2]
2.03 2.8 836 6.4 52.7 MAPbBE, 1, 5 [2]
2.04 103 1340 9.7 79.2 MAPbBr, I, [2]
2.05 6.1 1450 5.4 77.1 MAPDBr,I [2]
2.09 10.2 1270 11.5 69.4 CsPbBr,1 [2]
2.10 10.7 1261 1.8 72.0 CsPbBr,I [2]
211 9.2 1200 10.2 74.6 GAI-DEE-CsPbBr,I [2]
2.20 8.9 1639 7.7 70.6 FAPDbBr; [3]
2.27 10.6 1552 8.9 76.5 FAPbBr, [2]
2.28 8.1 1640 6.7 74.0 FAPbBr, [5]b
2.28 10.5 1520 8.3 83.0 CsPbBr; [3]
2.29 10.2 1650 8.7 71.1 MAPDBr, [3]
2.30 11.2 1574 8.5 83.7 CsPbBr; [4]
231 9.7 1458 8.1 81.9 CsPbBr, [2]
2.32 10.1 1653 7.7 79.1 MAPDBr, [2]
2.33 8.5 1580 6.6 82.0 CsPbBr, [2]
2.33 8.2 1470 7.3 76.1 CsPbBr; [2]
2.34 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]
2.35 10.7 1622 7.9 83.5 CsPbBr; [2]
2.35 10.6 1610 7.8 84.4 CsSnBr; [2]
2.35 10.2 1611 7.8 81.0 CsPbBr; [3]
236 10.3 1570 8.2 79.6 CsPby4,Tby 3Br; [3]
2.36 4.0 1130 55 63.6 CsPbBr, 1y, [2]
2.37 2.2 690 5.0 63.5 MA,Sb,CL I, [2]
2.38 8.1 1490 6.9 78.8 CsPbBr; [2]
2.41 2.7 1020 5.2 51.2 Cs,AgBiBr, [2]
2.42 11 870 2.9 43.0 BAAPbI, [2]
2.43 2.8 820 5.7 60.3 CsPb,Br; [2]
2.44 2.4 1140 3.4 60.9 FAPbBr,,Cly, [2]
2.45 2.9 1010 41 70.9 Cs,AgBiBr, 2]
2.46 17 1060 3.9 40.2 Cs,AgBiBr, [2]
2.47 33 1278 33 71.5 Cs,AgBiBr, [3]
2.48 1.4 1060 2.5 52.0 FAPbBr,Cl [2]

2Certified power conversion efficiency.

YNotable exception included as a material and/or large-area highlight.

“Notable exception included as a PCE highlight without the absorber information.

dPCE from J-V with significant hysteresis and MPP tracking closer to the listed value; sc, single crystal.
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TABLE 4 | Organic single-junction solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap energy

(from the EQE spectrum) [15].

E, [eV] PCE [%] Voo [mV] J,. [mA cm—2] FF [%] Absorber blend Refs.
1.22 13.4 663 30.0 67.1 PTB7-Th:ATT-9 [3]
1.32 13.0 916 20.2 70.1 BTR:Y6:bisPC, BM [3]
1.32 10.6 690 24.3 63.2 PTB7-Th:IEICO-4F [2]
1.33 13.9 865 22.4 71.4 BTR:MeIC: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 [4]
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]
1.36 15.9 846 254 74.1 PM6:Y11 [2]*
1.36 18.3 840 27.4 79.4 D18:NFAs [4]
1.37 19.9 852 29.0 80.6 PM6:BTA-E3 [96]
1.37 20.2 863 29.1 80.5 PM6:BTP-eC9:SMA [5]
1.37 19.4 858 28.3 79.7 PM6:BTP-eC9:Y6-10:PC,,BM [5]
1.37 18.3 856 26.9 79.4 PM6:BTP-eC9:PC,,BM [2]
1.38 20.8 876 29.2 81.5 D18-CI:N3:AT-520 [97]
1.38 18.9 880 26.9 79.8 PBDB-TCI:AITC:BTP-eC9 [4]*
1.38 18.7 862 27.4 79.3 PM6:BTP-eC9:BTP-S9 [3]?
1.39 20.1 863 28.8 80.6 PM6:BTP-eC9 [98]
1.39 19.2 860 28.6 78.4 PM6:BTP-eC9 [98]*
1.40 20.8 867 28.7 83.6 D18-Cl:BTP-C3F [99]
140 19.1 869 27.5 79.9 PBDB-TF:L8-BO:BTP-eC9 [3]*
1.41 20.6 937 27.2 80.8 D18:AQx-2F:eC9 [100]
1.41 20.2 880 28.4 80.9 PBDB-TF:L8-BO:BTP-eC9 [5]
141 19.8 880 279 80.7 PBDB-TF:L8-BO:BTP-eC9 [5]2
1.42 20.5 890 28.1 1.42 D18:L8-BO:BTP-eC9 [101]2
1.42 20.8 890 28.7 1.42 D18:L8-BO:BTP-eC9 [101]
1.42 20.0 870 28.3 81.2 PM6:P(BTzE-BDT):BTP-eC9 [102]
1.43 20.3 9206 27.7 80.7 D18 (PY-IT)/L8-B0O:C5-16 (D18) [27]*
1.43 21.0 914 27.7 82.9 D18 (PY-IT)/L8-B0O:C5-16 (D18) [27]
1.43 20.9 923 27.9 80.8 D18-Cl:BTP-4F-P2EH [5]
1.43 20.2 920 27.2 80.8 D18:Z8:L8-BO [5]
143 19.8 900 27.0 81.0 D18:Z8:L8-BO [5]2
1.44 19.6 907 27.4 78.7 D18:L8-BO [103]
1.44 199 900 27.5 80.4 D18:PM6:L8-BO [5]
1.44 19.4 901 26.5 81.0 D18:L8-BO [5]
1.45 21.0 923 27.6 82.5 D18:L8-BO:BTP-eC9 [26]
1.45 20.8 918 27.6 81.9 D18:L8-BO:BTP-eC9 [26]?
(Continues)
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TABLE 4 | (Continued)

E, [eV] PCE [%] V,. [mV] J,. [mA cm—2] FF [%] Absorber blend Refs.
1.45 19.8 920 26.5 81.2 N3-BO/F-BTA3 [104]?
1.45 20.3 924 26.8 81.9 N3-BO/F-BTA3 [104]
1.46 19.8 203 27.3 80.2 PM6:L8-BO(TZ-3Cl) [105]
1.46 19.7 937 26.1 80.4 D18:AQx-2F [5]
1.47 19.3 951 26.4 76.9 PM6:3QY [106]
1.47 19.3 902 27.5 78.1 PM6/L8-BO(BBS+CN) [107]
1.48 15.2 944 21.91 73.5 PM6:CH-PHE [108]
1.50 15.4 920 226 7.1 PM6:DTTC-4Cl [2]
1.51 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 PM6: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 PM6:1T-4F [2]
1.56 12.1 826 20.9 70.1 PM6:1T-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]*
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 71.3 PTQ10:IDIC [2]
1.65 10.4 910 16.2 70.6 PBDB-T:ITIC [4]
1.66 12.1 815 203 73.2 c [2]
1.67 11.2 1080 16.3 63.6 PvBDTTAZ:O-IDTBR [4]
1.67 115 791 19.7 73.7 c [2]
1.68 12.0 1030 18.5 63.0 PBDTTT-EFT:EH-IDTBR [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-ffBX-DT:PDI4 [2]
1.79 6.2 1230 8.9 56.6 BDT-ffBX-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-2CLl: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]

2Certified power conversion efficiency.
bNotable exception included as a large-area highlight.
“Notable exception included as a PCE highlight without the absorber information.
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TABLE 5

energy (from the EQE spectrum) [15].

Dye-sensitized single-junction solar cells with the highest efficiency: performance parameters as a function of device absorber bandgap

E, [eV] PCE [%] Voo [mV] J,. [mA cm~2] FF [%] Sensitizing dye Refs.
1.44 11.0 714 21.9 70.3 b [2]2
1.52 1.4 743 21.3 71.9 b [2]2
1.59 10.1 710 18.5 76.9 TF-tBu_C;F; [2]
1.61 11.4 864 17.3 75.8 YS7 [5]
1.62 12.1 860 17.6 80.3 SGT-021 [5]
1.65 13.2 889 19.1 71.5 SGT-021/HC-A6+ThCA [5]
1.66 13.0 910 18.1 78.0 SM315 [3]
1.66 10.7 849 16.6 75.9 BJS2 [2]
1.72 4.2 503 12.7 64.9 NP2 [4]
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]
1.75 13.1 755 24.4 71.0 N719 [5]
1.76 12.0 960 15.9 79.0 SM371 [3]
1.77 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 [3]7
1.83 8.9 820 19.0 57.5 N719 [2]
1.85 12.3 1020 15.2 79.1 b [2]*
1.85 13.4 1040 15.6 80.4 b [4]?
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 11.6 946 16.9 72.9 71004 [4]
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 11.0 72.1 L349 [2]
2.02 8.1 760 14.3 75.0 TY6 [2]
2.05 3.9 680 7.4 71.5 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]
215 4.1 640 8.76 73.6 PS1 [3]
2.23 5.8 760 10.2 74.8 MS3 [2]
2.32 53 1170 6.4 70.8 L1348 [2]

2Certified power conversion efficiency.

PNotable exception included as a PCE highlight without the absorber information.
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TABLE 6

absorber bandgap energy (from the EQE spectrum) [15].

Inorganic emerging single-junction solar cells with the highest efficiency: performance parameters as a function of device photovoltaic

E, [eV] PCE (%] Voo [mV] J. [mA cm~2] FF [%] Absorber material/technology Refs.
0.98 11.2 430 39.2 66.8 Cu,ZnSn(Se,S), [2]
1.02 11.6 441 39.2 67.4 Cu,ZnSnSe, [2]
1.03 11.6 423 40.6 67.3 Cu,ZnSnSe, [2]*
1.04 9.6 425 34.9 64.5 Cu,ZnSnSe, [2]
1.05 9.4 457 325 63.3 Cu,ZnSnSe, [2]
1.05 13.8 514 38.7 69.3 Cu,ZnSn(S,Se), [5]e
1.05 9.0 410 343 64.0 Cu,ZnSn(S,Se), [5]
1.06 9.5 460 31.1 66.4 Cu,ZnSnSe, [2]
1.06 13.8 526 39.3 66.5 Cu,ZnSn(S,Se), [5]
1.06 13.2 477 40.1 69.0 Cu,ZnSn(S,Se), [2]
1.06 12.7 461 40.4 68.3 Cu,ZnSn(S,Se), [2]*
1.07 12,5 491 37.4 68.2 Cu,ZnSnSe, [2]
1.07 121 538 35.3 63.7 Cu,ZnSn(S,Se), [4]2
1.08 138 546 36.3 69.4 Cu,ZnSn(S,Se), [4]*
1.08 14.1 551 35.7 71.8 Cu,ZnSn(S,Se), [4]
1.09 15.1 530 38.4 74.0 Cu,ZnSn(S,Se), [5]
1.09 145 555 36.7 71.2 Cu,ZnSn(S,Se), [5]
1.09 14.9 555 36.9 72.7 Cu,ZnSn(S,Se), [4]
1.10 13.5 511 37.9 69.5 Cu,ZnSn(S,Se), [5]24
1.10 14.1 565 35.4 70.3 (Ag,Cu),ZnSn(S,Se), [5]
1.10 14.0 542 39.1 66.0 Cu,ZnSn(S,Se), [5]
1.10 138 545 36.8 68.7 (Ag,Cu),ZnSn(S,Se), [5]2
1.10 13.6 546 35.9 69.4 Cu,ZnSn(S,Se), [5]
110 13.6 538 36.2 69.9 Cu,ZnSn(S,Se), [3]
1.11 14.1 535 39.0 67.6 Cu,ZnSn(S,Se), [22]»0
1.11 15.8 554 38.1 74.7 Cu,ZnSn(S,Se), [22]*
111 13.9 550 35.8 71.0 Cu,ZnSn(S,Se), [5]
111 13.1 547 34.3 70.0 Cu,ZnSn(S,Se), [3]
111 12.8 526 35.3 68.9 Cu,ZnSn(S,Se), [3]*
112 12.1 494 36.2 67.5 Cu,ZnSn(S,Se), [4]2
112 12.3 527 323 72.3 Cu,Zn(Sn, ,3Ge, ,,)Se, [2]
113 15.0 560 37.4 71.7 Cu,ZnSn(S,Se), [28]
1.13 14.3 559 37.4 68.5 Cu,ZnSn(S,Se), [28]?
114 133 531 37.8 66.2 Cu,ZnSn(S,Se), [5]
114 12.6 541 35.4 65.9 Cu,ZnSn(S,Se), [2]*
115 14.1 573 35.1 70.1 Cu,ZnSn(S,Se), [5]
115 132 531 375 66.3 Cu,ZnSn(S,Se), [5]
1.15 10.3 522 28.9 68.5 Cu,ZnSn(S,Se), [4]2
116 11.2 539 331 62.8 Cu,ZnSn(S,Se), [2]
116 12.9 494 38.2 68.3 Cu,ZnSn(S,Se), [5]
116 12.9 546 35.9 65.8 Cu,ZnSn(S,Se), [4]°
1.16 11.8 498 36.3 66.5 Cu,ZnSn(S,Se), [4]°
118 13.3 546 36.9 66.1 Cu,ZnSn(S,Se), [5]
(Continues)
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TABLE 6 | (Continued)

E, [eV] PCE (%] V,. [mV] J. [mA cm~2] FF [%] Absorber material/technology Refs.
119 9.8 537 32.6 56.3 Cu,ZnSn(S,Se), (4]
1.2 13.7 544 36.7 68.5 Cu,ZnSn(S,Se), [5]
1.20 8.12 432 35.5 57.9 Sb,Se; [5]
1.21 3.7 280 30.9 41.9 AgBiS, [5]
1.22 75 413 28.9 62.4 Sb,Se; [2]
1.23 7.6 410 30.5 60.5 Sb,Se; [5]
1.23 10.6 467 335 67.6 Sb,Se, [4]°
1.24 10.6 478 31.7 69.9 Sb,Se; [109]
1.24 10.2 477 30.6 69.6 Sb,Se, [109]?
1.25 10.8 511 29.2 72.8 AgBiS, [32]
1.27 4.8 370 273 473 Sb,Se, [2]
1.29 4.0 340 22.9 51.0 Sb,Se, [2]
1.30 10.2 518 27.2 72.4 AgBiS, [5]
1.30 9.2 496 27.1 68.1 AgBiS, [5]
1.30 10.7 576 26.9 69.0 Sb,(S,Se); [31]2d
1.31 8.6 440 32.2 60.8 Sb,Se; (5]
131 7.3 420 29.2 59.7 Sb,Se; [2]
1.33 8.6 520 27.8 59.8 Sb,Se; [3]
1.35 10.1 551 26.0 70.1 Sb,(S,Se), [4]
1.36 9.2 492 29.5 63.7 Sb,Se; [5]e
1.37 12.3 668 27.1 67.9 Cu,ZnSnS, [5]¢
1.37 7.1 480 24.7 60.0 AgBiS, [3]
1.38 8.1 474 277 62.2 Sb,Se, [5]
1.39 8.9 482 26.8 68.5 AgBiS, [3]
1.39 9.2 495 27.1 68.4 AgBiS, [3]
1.41 6.3 450 22.1 63.0 AgBiS, [4]
1.45 8.5 625 24.4 55.7 Cu,ZnGeSe, [3]
1.45 10.8 633 24.9 68.6 Sb,(S,Se); [29]
1.48 10.8 631 25.3 67.4 Sb,(S,Se); [4]
1.50 11.5 709 24.2 67.2 Cu,ZnSnS, [110]*
1.50 11.0 731 21.7 69.3 Cu,ZnSnS, [2]2
1.50 10.8 673 24.5 65.4 Sb,(S,Se); [30]
1.50 10.5 672 23.7 65.9 Sb,(S,Se), [30]
1.50 10.0 655 24.1 63.3 Sb,(S,Se), [3]
1.52 12.1 749 234 68.9 Cu,ZnSnS, [5]*
152 8.7 664 20.6 63.9 (Cu.90AL0.01)1.85(Z19 sCdg 5)1, 5084 (2]
1.53 8.5 670 20.4 62.1 Sb,(S.Se), [4]
1.54 10.7 673 23.7 66.8 Sb,(S,Se); [3]
1.54 9.7 638 232 65.5 Sb,(S,Se), [3]
1.55 10.2 736 21.0 65.8 Cu,ZnSnS, [4]
1.55 10.5 664 238 66.3 Sb,(S,Se), [3]
1.57 8.3 647 20.0 63.7 Sb,(S,Se),

1.59 10.7 801 21.0 63.7 Cu,ZnSnS, [5]

(Continues)
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TABLE 6 | (Continued)

E, [eV] PCE (%] V,. [mV] J. [mA cm~2] FF [%] Absorber material/technology Refs.
1.59 1.4 746 21.8 70.1 Cu,ZnSnS, (4]
1.73 8.0 757 60.5 17.4 Sb,S, [3]
1.80 7.5 711 16.1 65.0 Sb,S; [2]
1.84 4.9 680 13.7 53.0 Sb,S, [4]
1.95 58 870 10.8 62.1 Se [4]
1.96 8.1 930 14.4 60.6 Se [34]
1.97 5.2 991 10.0 52.4 Se [4]

2Certified power conversion efficiency.

YNotable exception included missing the illuminated aperture/mask area information.

¢“Effective” area subtracting that of the busbars and finger electrodes was used for the PCE calculation.
dLarge-area cell highlight.

TABLE 7 | Single-junction solar cells with the highest efficiency among established technologies: performance parameters as a function of device
absorber bandgap energy (from the EQE spectrum) [15].

E, [eV] PCE [%] V,. [mV] J;. [mA cm~2] FF [%] Absorber material/technology Refs.
1.09 19.8 716 34.9 79.2 Cu(In,Ga)Se, [2]?
1.10 217 718 40.7 74.3 Cu(In,Ga)Se, [2]*
L1 26.7 751 4.2 86.5 Si [4]
L1 26.7 738 42.7 84.9 Si [2]2
113 21.4 725 37.3 79.2 Si [5]
113 22.9 744 38.8 79.5 Cu(In,Ga)Se, [2]
113 23.6 767 38.3 80.5 Cu(In,Ga)Se, [4]2
114 21.0 757 35.7 77.6 Cu(In,Ga)Se, [2]*
1.15 23.4 734 39.6 80.4 Cu(In,Ga)Se, [2]?
117 21.7 727 40.4 73.8 Si [5]
118 20.0 706 40.7 69.7 Si [3]
1.30 16.3 762 314 68.1 Cu(In,Ga)Se, [2]
1.40 223 898 31.7 78.9 CdTe [4]
1.41 25.0 1045 28.7 83.0 GaAs [5]
1.42 29.1 1127 29.8 86.7 GaAs [2]*
1.43 22.6 898 316 79.6 CdTe [5]
1.42 21.0 876 30.3 79.4 CdTe [2]*
1.48 18.3 857 27.0 77.0 CdTe [2]
1.60 15.2 902 23.1 73 Cu(In,Ga)Se, [2]
1.60 10.2 896 16.4 69.8 Si (amorphous) [2]?
1.69 10.6 896 16.1 75.6 Si (amorphous) [2]
1.85 10.1 886 16.8 67.0 Si (amorphous) [2]?

2Certified power conversion efficiency.
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TABLE 9

Monolithic multijunction (non-perovskite) solar cells, including organic and dye-sensitized sub-cells, with the highest efficiency:

performance parameters as a function of the device bandgap energies (from the EQE spectra) of the sub-cells.

Egpottom  Egytop Voc Jse
[eV] [eV] PCE[%] [mV] [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 [4]
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]
131 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:BTP-eCl11 PBDB-TF:ITCC [2]
1.35 1.74 21.5 1903 14.3 79.2 PBDB-TF:BTA-4F PB3:FTCC-Br [48]
1.35 1.74 21.2 1902 14.0 79.7 PBDB-TF:BTA-4F PB3:FTCC-Br [48]*
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 [4]
1.37 1.77 20.6 2020 13.3 76.6 BTP-eC9:AITC:PBDB-TCI AITC:PFBCPZ [4]
1.38 1.80 20.3 2010 13.1 76.8 PBDB-TF:GS-ISO PBDM-TF:BTp-eC9 [3]
1.38 1.80 20.3 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-4CI:BTP-eC9 PB2:GS-ISO [4]
1.40 1.71 20.0 1960 13.5 75.9 PB4:.FTCC-Br PBQx-TCL:PBDB-TF:eC9-2Cl [4]
1.42 1.79 15.0 1590 13.3 71.0 PCE-10:BTCIC DTDCPB:C,, [2]
1.45 1.76 17.9 2000 11.7 76.3 PM6:PY-IT PM7:PIDT [4]
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
111 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 Cu(In,Ga)Se, N719 [2]
1.22 1.90 12.4 1435 14.1 61.0 Cu(In,Ga)Se, N719 [2]
1.22 1.82 15.1 1450 14.1 74.0 Cu(In,Ga)Se, 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 2.37 7.1 1420 7.2 69 N719 D131 [2]
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TABLE 10 | Monolithic multijunction (non-perovskite) inorganic absorber-based solar cells with the highest efficiency: performance parameters

as a function of the device bandgap energies (from the EQE spectra) of the sub-cells.

E,; pottom E; middies Ve Jc Middle, top
[eV] Egop, [€V]  PCE [%] [mV] [mAcm™2] FF [%] Bottom absorber absorber|[s] Refs.
GaAs/GalnP
1.35 1.90 32.9 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
117 1.90 23.4 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]
Si/Se
113 1.98 2.7 1403 5.7 34.2 Si Se [5]
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 71.0 GaAsBi GaAs, AlGaAs [4]
113 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]
7.2 | Best Performing Flexible Research Solar
Cells Tables
TABLE 11 | Flexible perovskite single-junction solar cells with the highest efficiency: performance parameters as a function of photovoltaic bandgap
energy (from the EQE spectrum).
Voc Jse
E, [eV] PCE [%] [mV] [mAcm~2] FF [%] Absorber perovskite Refs.
1.44 8.5 650 20.8 62.9 FAGe,,Sn,,l, [3]
1.52 24.2 1181 253 81 FAPDI, [55]
1.53 24.5 1150 25.5 83.5 FAPbDI, [5]?
1.53 25.1 1180 25.3 84.1 FAPbI, [5]°
1.53 24.9 1180 253 83.4 FAPbI, [5]*
1.53 25.2 1177 25.7 83.8 FAPDI, [53]
1.53 25.5 1191 25.5 84.0 CS.0sFA(56MA oPbBr, ;1 [52]
1.53 25.4 1190 25.5 83.9 CS0.0sFA( 36MA, oPbBr, ;1 [52]*
1.54 24.5 1170 25.0 83.7 Cso.0sFA(gaMA 1, PbBrg 1,1, g4 [5]°
1.54 25.3 1210 25.5 81.6 Csgos FAgoo MAyys Pbl,; [54]
1.54 24.6 1190 25.2 81.2 CSp.0s FAgoo MAggs PbI, [54]
1.55 23.4 1164 24.8 80.9 CS0.0sFAg 931MAg 016 PbBI 061, 04 [4]
(Continues)
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TABLE 11 | (Continued)
Voe Jse

E, [eV] PCE [%] [mV] [mAcm~2] FF [%] Absorber perovskite Refs
1.55 249 1161 25.9 82.7 Csg.0sFA( o5 PbI; [59]
1.55 25.4 1193 25.6 84.0 Csg.05FA¢ 36 MA, oPbBr;1, ; [137]
1.55 25.1 1192 25.4 82.7 Csg.05FA¢ .56 MA, oPbBr 31, , [137]2
1.56 19.9 1109 23.2 77.3 Csg 05 FA( 747 MA15:Rbg 05 PbBrg 151, 55 [2]2
1.56 19.9 1192 21.9 76.3 FA(sMA osPbBr 51, ¢5 [2]2
1.56 24.4 1174 25.4 81.7 (FAPDL;), ,(MAPDbBr;), [138]
1.56 24.5 1174 24.5 81.7 Rby 05CS0.0sMA 05 FA( 55 Pb (I 95Brg 05)3 [139]
1.57 19.7 990 243 81.9 MAPbI, [5]
1.57 22.1 1200 22.8 80.9 Csg 0sFA) 90 MA osPbBr 1515 g5 [4]
1.57 19.5 1110 231 76.0 Cs.03FA0.94sMA 025 PbBI( 7515 025 [2]
1.57 19.5 1105 231 76.1 CsFAMAPD(Br,I), [4]
1.57 23.9 1162 25.2 81.4 Csg-05(FAg.9MA.03)Pb(1.96Brg-04)3 [56]
1.57 24.5 1161 25.3 78.9 FA,.isMA,.(,Pbl; [140]
1.58 19.2 1120 21.7 78.9 Csy.0sFAG5sMA sPbBr( 1515 45 [2]
1.59 24.6 1176 25.5 84.0 Csg.05sFAg;MA, o;PbBr .1, o5 [141]
1.59 24.1 1166 25.4 834 Csg.0sFA¢.o:MA, o; PbBr ,1, ¢ [141]2
1.60 20.6 1110 23.0 80.7 CsFAMAPDBrI [3]
1.60 20.5 1140 23.5 76.5 Cs0.04FAG56MA;PbBrg »01, 1 [3]
1.60 17.8 1060 21.8 77.3 CsFAMAPDBrI [31°
1.61 20.1 1150 22.4 78.0 MAPDI;: Csy,MA, ss(MBA),Pb,1,, [5]°
1.61 17.3 1062 21.7 74.9 Csg.05FA( 51 MA 14 PbBr 451, 55 [2]
1.61 19.1 1135 21.2 79.2 Cs.05FA( 75Ko.04MA 15Rbg 0 PbBr 511 49 [2]
1.62 20.1 1150 22.4 78.0 Csg 04 FA( 5064 M A 1536 PDBT( 4515 55 [2]
1.62 18.0 1120 22.3 72.1 Csg 06 FA(70MA, ;s PbBrg 451, 55 [2]
1.63 13.0 1060 19.7 62.0 Csg.0sFA(.;sMA ) 16PbBr 451, 5> [142]
1.63 14.9 1030 21.5 67.3 MAPDI, [3]
1.63 10.4 1030 19.2 52.8 FA(¢sMA15sPbBr 451, 55 [2]
1.65 11.2 940 18.4 64.9 MAPbDI, [2]
1.65 7.9 1090 10.8 70.7 FA,sMA,sPbBr,;L, 5 [2]
1.66 20.0 1200 20.4 81.9 Csg.05FA07:MA 51 PbBrg 6015 5 [5]°
1.74 13.9 1110 18.9 65.9 CsPbl; [57]
1.79 14.3 1090 18.5 70.8 CsPbBr, L, 5 [5]°
1.80 15.0 1120 18.5 72.3 CsPbBr, 41, 5, [143]
2.27 6.8 1400 7.4 66.1 FAPDbBr, [5]°

2Certified power conversion efficiency.

Notable exceptions included as materials and/or large-area highlights.
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TABLE 12 | Flexible organic single-junction solar cells with the highest efficiency: performance parameters as a function of photovoltaic bandgap
energy (from the EQE spectrum).

J
E, [eV] PCE [%] V. [mV] [mA (s:cm‘z] 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 24.3 63.2 PTB7-Th:IEICO-4F [2]
1.34 19.5 912 26.5 80.1 D18:L8-BO [60]
1.34 18.7 907 26.1 79.1 D18:L8-BO [60]?
1.34 18.6 908 26.5 77.3 D18:L8-BO [26]
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]
1.37 15.8 851 25.1 73.9 D18:Y6 [S]a’b
1.37 18.3 829 28.2 78.4 PM6:BTA-E3 [96]
1.38 16.2 840 254 76.0 PM6:BTP-eC9:PC,,BM [5]
1.38 12.0 827 21.6 67.4 PM6:BTP-4CI-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]
1.39 159 864 25.0 73.5 D-18-CL:G19:Y6 [3]
1.39 15.7 830 25.4 74.5 PM6:BTP-eC9 [4]
1.39 14.4 830 254 68.3 PM6:BTP-eC9 [4]°
1.39 17.9 768 27.3 85.3 D18:N3:DOY-C4 [5]
1.39 18.2 865 274 76.5 PM6:BTP-eC9 [5]
1.39 17.0 874 26.4 73.6 PM6:BTP-eC9 [5]
1.39 13.0 780 24.9 67.2 PM6:BTP-eC9 [5]°
1.39 17.5 860 27.0 75.4 PM6:BTP-eC9 [5]
1.39 17.2 841 27.2 75.0 PM6:BTP-eC9 [144]
1.40 17.2 870 25.5 77.3 PM6:L8-BO [4]°
1.40 17.4 869 25.5 78.5 PM6:L8-BO [4]
140 16.1 860 25.9 74.7 PMe6:Y6 [2]
1.40 15.2 832 251 73.0 PM6:Y6 [2]
1.40 17.1 830 27.4 74.9 PM6:BTP-eC9:PC,,BM [3]
1.40 18.7 876 27.8 771 PMeé6:L8-BO [145]
141 15.2 830 25.0 73.3 PM6:Y6 [3]
141 15.1 847 24.9 71.6 PM6:Y6:C6 [2]
1.41 18.5 905 26.1 78.3 PM6:L8-BO:ZY-4Cl1 [146]
1.42 16.6 860 25.9 74.7 PMe6:Y6 [3]
1.42 18.6 880 275 76.7 PM6:L8-BO:BTP-eC9 [147]
1.42 18.8 849 27.9 80.5 PM6:D18:BTP-eC9 [62]
1.42 18.6 847 27.7 80.3 PM6:D18:BTP-eC9 [62]
1.43 16.5 925 23.6 75.6 PBQx-TF:PBDB-TF:PY-IT [4]
1.44 10.7 943 17.7 64.3 D18:(40)-b-PYIT [4]
1.44 10.4 848 17.0 72.2 PM6:Y6 [2]
1.44 17.8 900 25.3 78.0 PBET-TF [148]
1.45 19.4 950 25.5 79.9 PM6:PBQx-TF:PY-IT [61]
(Continues)
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TABLE 12 | (Continued)
Jse
E, [eV] PCE [%] Vo [mV] [mA cm—2] FF [%] Absorber blend Refs
1.45 19.1 946 25.2 79.7 PM6:PBQx-TF:PY-IT [61]*
1.45 16.6 860 25.5 75.8 PM6:18-BO [4]
1.45 14.3 920 21.6 71.8 PBQx-TF:DYBT-C4 [5]
1.48 19.0 940 26.3 77.0 PMé6:4Y-BO [149]
1.53 17.0 865 25.7 76.5 PM6:DSY-C10 [144]
1.55 12.0 840 19.5 73.3 PM6:IT-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 7.7 PTB7-Th:PC,,BM [2]
1.65 9.3 820 16.5 68.7 J5LITIC [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]

2Certified power conversion efficiency;
bNotable exceptions included as a material and/or large-area cell highlight.

TABLE 13 |

Flexible dye-sensitized single-junction solar cells with the highest efficiency: performance parameters as a function of device absorber

bandgap energy (from the EQE spectrum).

E, [eV] PCE [%] Voo [mV] J,. [mA cm~2] FF [%] Sensitizing dye Refs.
1.65 4.1 770 9.9 53.9 N719 [2]
1.67 12.5 777 21.1 76.5 N719 [5]°
1.74 4.6 750 10.5 58.0 N719 [2]
1.75 8.9 759 17.2 68.1 N719 [150]
1.75 8.6 760 15.4 72.8 N719 [151]
1.75 7.6 732 15.0 69.2 N719 [2]2
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]
1.81 6.3 754 12.3 67.9 (JH-1),6(SQ2)g.4 [2]
183 5.0 735 10.0 67.8 N719 [2]
1.88 6.0 750 11.2 71.0 N719 [2]
1.90 4.2 680 10.7 57.7 N719 [2]
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]
2Certified power conversion efficiency.
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TABLE 15

absorber bandgap energy (from the EQE spectrum).

Flexible emerging inorganic single-junction solar cells with the highest efficiency: performance parameters as a function of device

E, [eV] PCE [%] Voo [MmV] Jse [mA cm™2] FF [%] Absorber material Refs.
1.04 4.4 394 23.9 46.4 Cu,CdyZn,,Sn(S,Se), [3]
1.06 12.2 525 36.6 63.5 Cu,ZnSn(S,Se), [5]
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), [4]
1.10 11.2 410 37.4 73.0 Cu,ZnSn(S,Se), [156]
112 10.3 465 34.3 64.7 Cu,ZnSn(S,Se), [157]
113 10.2 463 35.7 62.0 Cu,ZnSn(S,Se), [3]
115 10.1 503 29.6 67.9 Cu,ZnSn(S,Se), [5]
1.16 1.2 539 33.1 62.8 Cu,ZnSn(S,Se), [2]
1.32 8.23 479 26.5 64.9 Sb,Se; [5]
132 8.43 452 29.0 64.3 Sb,Se; [5]
1.32 8.42 470 313 57.2 Sb,Ses [5]
1.32 8.03 492 26.2 62.3 Sb,Ses [5]
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 11.6 495 Sb,S; [4]
TABLE 16 | Flexible single-junction solar cells with the highest efficiency among established inorganic technologies: performance parameters as a

function of device absorber bandgap energy (from the EQE spectrum).

Absorber
Eg [eV] PCE [%] Voo [mV] Jse [mA cm™2] FF [%] material/technology Refs.
1.10 26.8 751 41.5 86.1 Si [5]
11 115 526 3338 64.6 Cu(In,Ga)(S,Se), [3]
1.14 17.0 656 36.6 70.8 Si 2]
115 18.9 693 35.8 76.3 Cu(In,Ga)Se, [4]
1.17 18.9 608 39.5 63.0 Si [2]
117 12.0 580 358 58.4 Cu(In,Ga)Se, [2]
1.18 17.6 698 339 74.4 Cu(In,Ga)Se, [4]
1.20 20.4 736 35.1 78.9 Cu(In,Ga)Se, [2]2
1.20 17.6 630 38.9 72.4 Cu(In,Ga)Se, [5]
1.22 18.7 720 35.0 74.4 Cu(In,Ga)Se, [2]
1.32 8.4 550 24.3 63.0 Si [2]
1.42 221 980 271 83.4 GaAs [2]
1.45 13.5 786 221 77.7 GaAs [3]
1.45 12.6 829 23.6 64.3 CdTe [4]
1.46 14.1 821 24.3 70.3 CdTe [3]2
1.46 16.4 831 25.5 77.4 CdTe [2]
1.49 115 821 22.0 63.9 CdTe 2]
1.79 8.8 888 14.3 70 a-Si:H 2]
1.88 8.2 820 15.6 64.0 a-Si:H [2]
4Certified power conversion efficiency.
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7.3 | Best Performing Transparent and
Semitransparent Research Solar Cells Tables

TABLE 17

| (Semi-)transparent perovskite solar cells with the highest efficiency: performance parameters as a function of average visible

transmittance and photovoltaic 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.

Ve J,c [mA
AVT [%] E,[eV] LUE[%] PCE[%] [mV] cm™2]  FF[%] Absorber Refs.
1 1.61 0.17 17.9 1050 21.8 78.0 CS0.0sFA( 755sMA 1615 PbBr, 1 1, 40 [158]
2 1.65 0.25 15.0 1091 18.2 75.5 CS0.00FA¢ 77 MA 1,PbBr, 1oL, 5 [159]
2 1.69 0.50 20.4 1230 19.8 83.8 CSo.,5FA sPbBr 41, [160]
3 1.80 0.45 17.2 1240 17.4 79.9 CS25FAq 7sPbBr, ,I, o/CF,PEAI [161]
3 1.67 0.49 16.3 1099 18.9 783 CS0.25FA sPbBry 4L, 4 3]
3 1.53 0.37 12.2 1017 17.5 68.5 MAPDI, [2]
5 1.80 0.69 15.1 1290 15.0 77.9 Csp1.FAsMA, osPbBI, ], [162]
5 1.60 1.14 19.1 1120 23.2 73.4 MAPDI, [3]
5 1.60 0.83 16.5 1080 20.6 74.2 MAPbDI, [2]
5 1.61 0.60 12.0 960 19.2 65.3 MAPb(CL]I), [2]
5 1.65 0.56 11.2 940 18.4 64.9 MAPbDI, [2]
7 1.62 1.28 18.3 1100 21.9 75.8 MAPbBr, , 1, 4 [4]
7 1.55 0.95 13.6 988 20.4 67.5 MAPbDI, [2]
9 1.63 1.60 17.8 1120 19.3 82.7 Cs13FA( g PbBry 3oL, 1 [3]
10 1.78 1.13 1.3 1190 15.0 63.1 CsPbl, [4]
10 1.59 1.75 17.5 1070 22.4 73.1 MAPbDI, [2]
10 1.77 1.82 18.5 1300 16.8 84.6 Cso,FA(sPbBr, I, ¢ [122]
12 127,180  1.80 15.0 1940 11.4 68.0  Cs.(FAyssMA, 1)1, PbysSngsls, Csy,FAsPbBr 1 ¢ [4]
12 1.60 1.58 13.2 1000 19.5 67.8 MAPDI, [2]
13 1.67 1.94 14.9 1100 19.8 68.4 MAPDBr, ], 5 [2]
13 1.88 1.72 13.2 1298 13.8 741 CS0.,5FA 5 PbBr, ], 5 [3]
14 1.55 1.04 73 1037 13.4 52.5 MAPDI, [2]
15 1.61 1.79 11.9 1000 17.8 66.3 MAPDI, [2]
15 1.67 2.06 13.7 1097 17.1 73.1 CS0.0sFAg 79MA, 1sPbBI; 5L, 4o [163]
16 1.76 2.19 13.7 1120 16.7 73.4 MAPbDBTrI, [2]
17 1.65 2.18 12.8 1040 16.6 74.1 C5S0.05FA¢ 5075 M A 1425 POBIg usL, 55 [2]
18 1.73 2.50 14.1 1230 15.9 723 Csy,FAq,PbBrl, [5]
18 1.77 2.20 12.2 1110 15.1 72.7 MAPDBrIL, [2]
18 1.53 1.64 9.1 1017 14.6 61.5 MAPDI, [2]
19 1.62 2.46 12.8 1030 16.5 74.9 MAPb(Clyl)3 [2]
21 1.60 1.80 8.5 964 13.1 66.8 MAPb(CLI), [2]
21 1.57 1.67 8.1 1030 11.2 70.2 MAPb(CI I), 2]
22 1.63 2.65 2.28 1070 12.2 78.1 MAPDI, [2]
23 1.96 2.76 12.0 1289 12.7 73.6 CS 25FA(7sPbBr; 51, 5 [3]
(Continues)
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TABLE 17 | (Continued)
Ve Jsc [mA
AVT [%] E,[eV] LUE[%] PCE[%] [mV] cm~2]  FF[%] Absorber Refs.
23 1.62 2.61 11.3 1040 15.1 72.3 MAPbDI, [2]
24 1.87 2.25 9.4 1120 13.6 61.6 MAPbBr, 5 5 [2]
26 1.62 3.02 11.7 990 15.9 74.6 MAPbH(CLI), [2]
27 1.60 3.26 12.1 1000 18.3 66.2 MAPbDI, [2]
29 1.57 2.27 7.8 970 11.6 69.6 MAPbH(CL ), [2]
30 1.65 2.22 7.4 1010 11.8 62.2 Cs0.0sFA0 8075 M A 1425 PDBI 451 55 [2]
31 1.84 331 10.7 1.24 11.6 73.9 Cs0.25FA(75Pbl, 1Brg 69 [3]
31 1.62 3.34 10.8 1010 14.7 73.0 MAPDH(CL ), [2]
31 1.27,1.80 2.88 9.3 1940 7.9 61.0 Cs,(FA( ssMAg 17)14Pbg sSng 515, [4]
Csy,FA,8PbBrl 1, ¢
31 1.69 3.69 11.9 1050 16.3 69.4 MAPDBr 51, 5 [2]
35 1.63 3.64 10.3 1000 13.6 75.6 MAPb(CII), [2]
36 1.79 3.71 10.3 1080 14.6 65.5 MAPbDBr I, [2]
41 1.90 3.61 8.8 1110 12.8 62.2 MAPDBr, 5], 5 [2]
41 1.63 1.85 4.5 880 8.2 63.0 MAPDI, [2]
42 1.64 3.57 8.5 960 12.6 73.5 MAPbH(CIL ), [2]
46 1.57 1.66 3.6 1030 5.4 64.4 MAPDH(CIL ), [2]
51 2.65 1.55 3.07 1160 3.47 76.1 Cs,AgBiBr, [73]
52 1.88 213 4.1 1125 5.8 63.0 Cs0.25FA(7sPbBr; 51 5 [3]
54 2.27 3.64 6.8 1400 7.4 65.7 FAPDBr, [5]
66 2.62 0.73 11 1000 21 52.9 Cs,AgBiBr, [2]
68 2.35 5.30 7.8 1554 6.7 72.0 FAPbBr, 4;Cly 5, [2]
71 2.28 5.67 8.1 1640 6.7 74.0 FAPDBr; [5]
72 2.62 1.08 15 960 21 74.3 Cs,AgBiBr, [2]
72 3.03 0.14 0.2 1110 0.6 35.4 MAPDBCI, [2]
73 2.62 117 1.6 970 2.2 73.1 Cs,AgBiBr, [2]
73 2.84 0.37 0.5 1260 0.9 44.9 MAPDBr,Cl, , [2]
74 2.62 111 15 970 2.2 71.1 Cs,AgBiBr, [2]
TABLE 18 | (Semi-)transparentorganic solar cells with the highest efficiency: performance parameters as a function of average visible transmittance

and photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] E,[eV] LUE[%] PCE[%] V, [mV] J,[mAcm] FF [%] Active material Refs.
1 1.41 0.13 13.2 852 22.0 70.3 D18-Cl:Y6:PC,,BM [3]
1 1.41 0.13 12.8 851 21.4 70.3 D18-Cl:Y6:PC,, BM [3]
2 1.66 0.15 7.6 770 15.6 63.3 PBDTTT-C-T:PC,,BM [2]
3 1.40 0.40 12.6 800 24.5 64.5 PM6:Y6 [2]
4 1.38 0.65 15.6 837 24.7 75.6 PM6:BTP-eC9 [164]
5 1.42 0.54 11.4 835 22.4 60.8 PM6:BTP-eC9 [70]
8 1.41 1.02 12.7 852 211 70.4 D18-Cl:Y6:PC,,BM [3]
9 1.42 1.17 13.0 855 21.7 70.3 D18-Cl:Y6:PC,,BM [3]
9 1.42 1.28 14.2 854 23.0 72.3 PMé6:Y6 [2]
(Continues)
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TABLE 18 | (Continued)

AVT [%] E,[eV] LUE[%] PCE[%] V,[mV] J,[mA cm—2] FF [%] Active material Refs.
10 1.39 1.41 14.9 847 23.1 75.8 D18: N3 [4]
11 1.41 1.72 15.8 860 235 77.9 PMé6:L8-BO [71]
1 1.66 0.78 7.1 760 14.5 64.4 PBDTTT-C-T:PC,; BM [2]
13 1.42 1.73 13.3 853 21.7 71.9 PMe6:Y6 [2]
14 1.45 1.55 11.1 727 21.4 71.3 PTB7-Th:FNIC2 [2]
15 1.52 1.34 8.9 772 18.3 63.0 PTB7-Th:FNIC1 [2]
17 1.39 2.14 12.6 810 21.2 73.2 PM6:Y6 [2]
18 1.39 2.10 11.7 810 20.7 69.6 PMe6:Y6 [2]
19 1.42 2.61 13.6 830 23.4 70.2 PM6:Y7 [3]
19 1.42 2.35 12.4 852 20.4 71.4 PM6:Y6 [2]
20 1.37 2.31 14.0 820 23.0 74.3 PM6:Y6:SN3 [3]
20 1.39 2.80 14.6 860 22.8 74.7 PM6/ICBA:Y6 [3]
20 1.23 2.40 11.6 661 25.6 68.2 PTB7-Th:ATT-9 [3]
21 1.39 2.21 10.5 800 19.3 68.3 PM6:Y6 [2]
21 1.39 3.32 16.1 859 24.6 76.1 PM6-1Ir1:BTP- [3]
eC9:PC,,BM
21 1.42 2.82 13.4 831 21.8 73.9 PM6:PCE10-2F:Y6 [4]
22 1.41 2.81 12.8 834 20.9 73.7 PM6:BTP-eC9 [165]
23 1.41 2.90 12.9 831 20.9 74.3 D18:N3 [4]
24 1.39 2.62 10.8 830 18.2 71.6 PBT1-C-2Cl: Y6 [4]
25 1.41 3.26 13.3 851 21.1 74.3 PTzBI-Cl:BTR-CIL:DT- [166]
Y6
25 1.34 2.75 11.0 750 20.9 70.0 PCE-10:A078 [2]
25 1.40 2.55 10.2 736 20.3 68.3 PTB7-Th:FOIC [2]
25 1.43 3.03 12.1 760 23.9 66.6 PM6:Y6 [3]
25 1.45 3.44 13.6 895 19.6 77.1 DA:PM6:L8-BO:Y5 [5]
26 1.40 3.35 12.9 825 21.6 72.4 PMe6:Y6 [2]
26 1.43 2.31 8.77 839 19.1 54.7 PM6:BTP-eC9 [167]
27 1.35 3.38 12.5 790 21.9 72.4 PM6:S9SBO-F:Y6-O [168]
28 1.45 3.89 14.0 890 21.2 74.6 PM6:B0O-4C:L8-BO [169]
28 1.66 1.57 5.6 760 11.9 61.9 PBDTTT-C-T:PC,,BM [2]
30 1.41 3.03 10.1 880 16.8 67.8 PBOF:eC9:LB-BO [4]
30 1.35 3.24 10.8 718 219 68.7 PTB7-Th:IEICO-4F [2]
31 1.39 3.72 12.0 758 22.8 69.7 PCE10-BDT2F-0.8:Y6 [3]
32 1.36 4.86 15.2 880 22.6 76.8 PM6:BTP-eC9:L8-BO [170]
32 1.41 2.31 7.15 801 14.3 62.5 PM6:Y6-BO [4]
32 1.42 3.58 11.2 849 17.0 77.6 PM6:m-BTP-PhC6:BO- [3]
Cl
33 1.43 4.04 12.3 869 18.9 74.7 PM6:L8-BO:BTP-eC9 [171]
33 1.39 4.08 12.3 781 22.0 71.3 PM6:PCE 10-2F:Y6 [4]
34 1.40 3.09 9.1 733 18.5 67.1 PTB7-Th:FOIC [2]
(Continues)
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TABLE 18 | (Continued)

AVT [%] E,[eV] LUE[%] PCE[%] V,[mV] J,[mA cm—2] FF [%] Active material Refs.
36 1.37 2.48 8.8 680 18.0 71.9 PCE-10:BT-CIC:TT-FIC [2]
36 1.86 3.33 6.9 890 11.6 66.5 PSEHTT:ICBA [2]
36 1.24 2.26 9.4 658 20.7 68.7 PTB7-Th:ATT-9 [5]
37 1.41 4.03 10.9 868 16.8 75.0 PM6:BTP-eC9:L8-BO [172]
37 1.86 2.25 6.1 890 10.2 66.8 PSEHTT:ICBA [2]
39 1.40 3.82 9.8 851 15.3 75.4 PM6:BTP-eC9:L8-BO [5]
39 1.40 4.99 12.8 849 19.0 79.2 PBDB-TF:L8-BO:BTP- [3]
eC9
39 1.86 1.91 49 880 8.3 67.9 PSEHTT:ICBA [2]
42 1.42 4.28 10.2 770 17.8 74.5 PCE10:eC9-2Cl1 [68]
43 1.34 3.48 8.1 730 16.3 68.1 PCE-10:A078 [2]
43 1.40 3.90 9.0 850 14.0 75.7 PM6:BTP-eC9:L8-BO [5]
44 1.37 3.52 8.0 680 16.2 72.6 PCE-10:BT-CIC:TT-FIC [2]
44 1.39 3.62 8.2 806 15.1 67.2 PBT1-C-2Cl:Y6 [4]
44 1.40 2.95 6.7 600 18.6 60.2 PDTTP-TBT:Y6- [5]
BO:PCy BM
44 1.40 4.16 9.5 846 14.8 75.4 PM6:BTP-eC9:L8-BO [72]
44 1.39 2.95 12.6 840 19.8 75.8 PM6:BTP-eC9:L8-BO [5]
45 1.39 6.02 13.3 868 20.1 76.3 D18:BTP-eC9:BTO-BO [66]
45 1.40 4.91 10.8 808 18.6 72.0 PCE10-2F/4FY [69]
46 1.39 5.10 11.2 803 19.3 72.0 DA:PCE10-2F/Y6:Y5 [5]
46 1.34 4.97 10.8 750 20.4 70.6 PCE-10:A078 [2]
47 1.40 5.30 11.3 854 17.9 74.1 PMé6: BTP-eC9:L8-BO [173]
47 1.39 5.35 1.4 854 18.0 74.5 PM6:BTP-eC9:L8-BO [3]
47 1.34 3.34 7.1 730 14.3 68.0 PCE-10:A078 [2]
47 1.86 1.12 2.4 860 4.1 68.2 PSEHTT:ICBA [2]
49 1.37 3.53 7.2 670 14.8 72.6 PCE-10:BT-CIC:TT-FIC [2]
49 1.41 2.96 6.0 851 1.1 63.8 FC-S1:PM6:Y6-BO [4]
50 1.38 6.05 12.2 880 18.1 76.7 PBOF:eC9:PC,;, BM [65]
50 1.40 4.16 8.3 746 16.7 66.8 PTB7-Th:FOIC:PC,,BM [2]
50 1.39 4.75 9.5 786 16.9 71.4 PCE10-2F:Y6 [174]
51 1.24 3.73 7.3 645 17.9 63.6 PTB7-Th:ATT-9 [5]
51 1.40 3.76 7.4 749 14.7 66.7 PTB7:FOIC:PC71BM [2]
53 1.86 0.95 1.8 890 3.8 54.8 PSEHTT:ICBA [2]
53 1.32 3.02 5.7 750 10.6 69.5 DPP2T:IEICO-4F [2]
60 1.33 2.34 3.9 749 7.34 70.2 DPP2T:IEICO-4F [2]
62 1.33 3.66 5.9 690 12.9 66.0 PTB7-Th:6TIC-4F [2]
71 1.33 2.87 4.1 703 9.5 61.0 PTB7-Th:IEICO-4F [5]
80 1.36 1.91 2.4 705 5.7 59.3 PTB7-Th:IEICO-4F [5]
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TABLE 19 | (Semi-)transparent dye-sensitized solar cells with the highest efficiency: performance parameters as a function of average visible
transmittance and photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] E, [eV] LUE [%] PCE [%] Vo [mV] J,. [mA cm~2] FF [%] Sensitizing dye Refs.

1 2.00 0.05 52 780 12.4 53.7 N719 [2]
5 1.80 0.55 11.0 871 16.8 75.2 C268+Y1 [3]
9 2.00 0.41 4.5 780 10.3 56.0 N719 [2]
9 1.82 0.39 4.3 720 9.9 60.0 N719+SDA [2]
10 2.01 0.52 5.2 770 11.9 57.0 N719 [2]
10 2.00 0.49 4.9 765 11.4 56.1 N719 [2]
13 1.68 1.31 10.1 851 14.9 80.2 SGT-021 [2]
14 1.68 1.39 9.9 850 14.9 78.5 SGT-021 [2]
15 1.68 1.44 9.6 850 14.7 77.2 SGT-021 [2]
17 1.68 1.67 9.8 855 15.1 75.5 SGT-021 [2]
23 1.82 0.97 4.2 650 9.9 64.0 N719+SDA [2]
23 2.01 0.83 3.6 650 8.2 68.0 N719 [2]
25 1.82 0.65 2.6 650 5.6 71.0 N719+SDA [2]
27 1.77 0.99 3.7 521 10.7 65.8 NPI [2]
30 2.19 0.45 1.5 640 33 70.0 N719 [2]
31 2.23 1.98 6.4 698 13.5 67.9 TPA-1 (EtOH) [2]
33 2.30 2.02 6.1 711 12.5 68.3 TPA-2 (EtOH) [2]
36 2.23 2.20 6.1 766 14.5 54.7 TPA-1 (EtOH) [2]
37 2.46 1.30 35 648 8.0 67.5 Cz-2 [2]
38 2.31 2.16 5.7 769 13.6 54.2 TPA-2 (EtOH) [2]
69 1.39 213 31 422 11.2 65.6 VG20-Cyq4 [2]
75 1.53 1.88 25 408 10.9 56.2 TB207 [3]
76 1.41 1.75 2.3 406 8.6 65.9 VG20-Cyg4 [2]
TABLE 20 | Semitransparent emerging inorganic solar cells with the highest efficiency: performance parameters as a function of average visible

transmittance and photovoltaic bandgap energy (from the EQE spectrum).

AVT [%] E, [eV] LUE [%] PCE [%] Vo, [mV] J.[mAcm=2] FF[%] Absorber/technology Refs.

1 1.46 0.03 3.0 475 14.6 42.8 Cu,ZnSn(S,Se), [2]
2 1.57 0.13 8.3 647 20.0 63.7 Sb,(S,Se); [175]
8 1.83 0.27 34 679 12.1 42.0 Sb,S; [2]
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TABLE 21

| Semitransparent solar cells among established inorganic technologies with the highest efficiency: performance parameters as a function

of average visible transmittance and photovoltaic bandgap energy (from the EQE spectrum).

AVT (%) E,(eV) LUE(%) PCE(%) V, (mV) J,(mA cm~2) FF(%) Absorber/technology Refs.
2 1.23 0.20 10.0 640 233 66.9 CIGS [2]
9 1.30 0.88 9.8 630 20.9 74.1 CIGS [2]
9 1.28 0.59 6.5 597 22.9 46.5 CIGS [2]
16 1.83 1.20 7.5 810 14.2 65.3 a-Si:H [2]
17 1.83 1.31 7.7 810 14.1 67.3 a-Si:H [2]
18 2.05 1.07 5.9 720 14.1 58.3 a-SiGe:H [2]
19 1.87 1.38 7.3 820 13.1 67.6 a-Si:H [2]
19 1.34 1.24 6.5 580 17.5 63.5 CIGS [2]
20 1.64 0.34 1.7 495 8.9 40.8 CIGS [2]
22 2.05 1.20 55 760 12.3 58.6 a-Si:H [2]
23 1.92 1.38 6.0 830 10.6 68.2 a-Si:H [2]
24 1.68* 1.66 6.9 920 10.7 70.3 a-Si:H [2]
26 1.50 1.53 5.9 710 14.6 57.4 CIGS [2]
37 1.54 0.15 0.4 101 14.7 27.2 CdTe [2]
45 2.16 0.50 1.1 596 3.9 47.7 a-Si:H [2]

“E, taken from the absorbance spectrum

TABLE 22 |
parameters (measured under the standard of Yang et al.) [18] as a function of the average visible transmittance and photovoltaic bandgap energy (from
the EQE spectrum) [15].

Transparent photovoltaic devices with the highest efficiency including transparent luminescent solar concentrators: performance

AVT E, LUE

(%) evV) (%) PCE(%) V, (mV) J,(mAcm=2) FF (%) Luminophore(s)/absorber Refs.
73 1.50 0.88 1.2 990 1.5 81.3 CO;8DFIC/GaAs [2]
75 164 226 3.0 1020 38 777  Cs,Mogly(CF,;CF,CO0),:BODIPY/GaAs [3]
84 281 037 0.4 520 1.3 65.1 (TBA),Mo,Cl,, /Si [3]
84 2.60 0.65 0.8 4810 0.2 79.2 Si-QDs/Si [5]
86 1.52 0.34 0.4 500 1.2 66.7 Cy7-NHS/Si [3]
88 2.53 0.60 0.68 1001 1.08 62.5 HBTM/Si [74]
89 2.94 1.86 2.1 500 5.7 73.3 Si-CDs/Si [4]
90 261 0.86 0.96 500 3.6 53.0 MAPDBr;/Si [75]
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TABLE 24

| Organic and dye-sensitized solar cells with the highest operational (mpp) stability test energy yield for 200 and 1000 h under simulated
1 sun illumination as a function of the device photovoltaic bandgap energy (from the EQE spectrum).

E, OhPCE 200h 1000h E,o0n Eio00n Active material

(eV) (%) PCE (%) PCE (%) (Wh-cm™2) (Wh-cm™2) ¢ty (h) or dye Comments Refs.
1.40 18.8 16.4 14.6 3.4 15.6 46 PM6:BTP-eC9 w-LED, air [4]
1.43 17.7 16.1 14.7 3.3 7.9 49 PM6:PY-1S1Se:PY- AML1.5G, air [4]

2Cl1
1.44 17.8 17.3 16.8 3.5 17.1 714 PM6:L8-BO w-LED, N, [77]
1.44 19.6 18.3 — 3.8 — 150 D18:L8-BO AML1.5G, air, [185]
25% RH, 25°C
1.65 11.2 11.0 9.7 2.2 10.4 398 SGT-021/HC- AML1.5G, 25°C, [5]
A6+ThCA air, 50% RH

Abbreviation: w-LED, white-light spectrum light-emitting diode source.
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